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Sir: 



I, Steinunn Baekkeskov, state as follows: 



(1) I am Professor of Medicine and Microbiology/Immimology, and 
Horan Markarian Chair of Diabetes at the University of California, an assignee of the 
above-captioned application. A copy of my curriculum vitae is attached as Exhibit A. I 
have actively conducted research in diabetes for over twenty years. I regularly read the 
scientific literature, particularly that relating to diabetes, attend scientific meetings, and 
am conversant with the view of many colleagues. 
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(2) I have reviewed the above-captioned application of which I am a 
co-inventor and have followed the prosecution history thereof. I understand that the 
priority date of the application is September 7, 1990. 

(3) The application is in large part premised on the discovery that 
glutamic acid decarboxylase (GAD) is a component of a pancreatic beta cell 64 kDa 
antigen that is a major autoantigen in insulin dependent diabetes mellitus (IDDM) (also 
known as type 1 diabetes). The application discloses administering GAD to a patient to 
inhibit or prevent IDDM. Administration of GAD induces tolerance to the 64 kDa 
autoantigen, thereby inhibiting or preventing further destruction of beta pancreatic cells, 
and the clinical symptoms of IDDM that eventually result from this destruction. 

(4) When an antigen is administered to a subject, it can induce either a 
tolerogenic or an immune response depending on the regime with which it is 
administered. The application teaches that care should be taken not to potentiate an 
immxme response that would exasperate 6 cell destruction. Based on my knowledge of 
the scientific literature, general principles for achieving a tolerogenic response rather than 
a harmful immunogenic response were within the state of the art as of September 1990. 
For example, standard immxmology textbooks available at the priority date of the 
invention discuss how either low or high dosages of antigen favor a tolerogenic 
response, whereas intermediate dosages favor an immunogenic response (Benjamini & 
Leskowitz, Inummology; A Short Course (Liss, 1988) at p. 255-256; Golub, The 
Cellular Basis of the Immune Response (2"^ ed. Sinauer, 1981) at page 291). These 
textboojks also discuss how the use of unaggregated antigen favors a tolerogenic 
response. Induction of antigen specific tolerance had been used successfully in nvmierous 
studies to suppress or prevent autoimmune disease in animal models ((Cremer et al.. 
Collagen induced arthritis in rats: antigen-specific suppression of arthritis and immunity 
by intravenously injected native type II collagen. J. Immunol. 131, 2995-3000 (1983); 
Scherer et al.. Control of cellular and humoral immime responses by peptides containing 
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T cell epitopes. Cold Spring Harbor Symp. Quant. Biol. 54, 497-504, 1989; Nagler- 

Anderson et al., Suppression of type II collagen induced arthritis by intragastric 
administration of soluble type II collagen. Proc. Natl. Acad. Sci. USA 83, 7443-7446 
(1986); Higgins and Weiner. Suppression of experimental autoimmime encephalomyelitis 
by oral administration of myelin basic proteins and its fragments. J. Immunol. 140, 440- 
445 (1988)). Given this guidance as to how to generate a tolerogenic response to 
ameliorate autoimmune disease, I believe scientists in the IDDM field would be able to 
use the knowledge of an identity of a target autoantigen to devise conditions to obtain a 
tolerogenic response to prevent or delay disease as of September 1 990. 

(5) This expectation has been confirmed by numerous reports in the 
scientific literature in which administration of GAD has been shown to induce tolerance 
in NOD mice and prevent IDDM (see e.g., Tisch et al. Nature 366, 71-75 (1993); 
Kaufinan, Nature 366, 69-71 (1993), Tian et al. Nature Medicine 12, 1348 (1996), 
Peterson et al. Diabetes 44, 1478 (1994), and Pleau et al, 1 Immunol Immunopath. 76, 
90-95 (1995)). Several different parenteral routes of administration have successfully 
been used (see Harrison, Molecular Medicine I, Ill-Ill (1994)). 

(6) The NOD mouse is a good model of the major type of IDDM in which 
hxmian patients develop autoantibodes and T cells to GAD, because NOD mice also 
develop autoantibodies and T cells to GAD (see Tisch et al. Nature 366, 72-75 (1993) at 
e.g., p. 21, column 1, first paragraph). The NOD mouse is a genetic strain of mouse that 
spontaneously develops autoimmvmity to GAD, and subsequently symptoms of IDDM, in 
a manner similar to development of IDDM in humans. Positive results in the NOD mouse 
have been used as evidence to support human clinical trials of a number of drugs to treat 
IDDM. For example, human clinical trial of humanized 0KT3 to treat IDDM is 
underway following a showing that such an antibody reversed hyperglycemia in NOD 
mice (see attached summary of the trial and Herold et al.. New Engl. J. Med. 346, 1692- 
1698 (2002)). Similarly, a human clinical trial of alpha interferon is underway following 
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a showing that ingestion of alpha interferon prevents diabetes in a NOD mouse (see 
attached summary of trial). Most importantly, the results using GAD to induce tolerance 
and prevent diabetes in the NOD mouse have been used as evidence to support hiiman 
clinical trials of a GAD vaccine to treat human type II diabetic patients (non-insulin 
dependent). These patients are treated with oral medication, but have autoantibodies to 
GAD, demonstrating that they are experiencing autoimmune destruction of fi cells and 
are therefore likely to become insulin dependent. The vaccine has been shown to be safe. 
The results of phase II of the clinical trials, which may provide an indication of the 
efficacy of the vaccine in preventing patients from becoming insulin dependent, will be 
announced at the American Diabetes Association annual meeting in New Orleans, June 
13-17, 2003 (see attached summaries of trial). 

(7) By contrast, the BB rat is not such a close model of IDDM in humans 
or other organisms that develop antibodies to GAD. The BB rat bears a genotype that 
results in spontaneous development of lymphocytopenia and clinical symptoms similar to 
those of IDDM. However, lymphocytopenia is not found in himian IDDM. Furthermore, 
unlike the NOD mouse, and unlike most humans, the BB rat does not develop 
autoimmunity to GAD (see Petersen et aL, Autoimmunity 25, 129-138 (1997) at p. 134, 
col. 1). Because the BB rat does not develop autoantibodies to GAD, there is no reason 
to expect that therapeutic intervention with GAD would have any effect in the BB rat. 
Therefore, lack of such an effect in the BB rat, cannot be extrapolated to himians or other 
animals in which autoantibodies to GAD are present. 

(8) In my opinion, the above evidence shows that a tolerogenic response 
has been obtained to GAD in mouse model of IDDM that is protective for IDDM and is 
predictive of similar response in humans. In my opinion, the evidence further shows this 
response was obtainable based on the teaching of the specification and common 
knowledge in the field as of September 1 990. 
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(9) I further declare that all statements made herein of my own knowledge 



are true and that all statements made on information and belief are believed to be true; 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code, and that such Avillful false statements 
may jeopardize the validity of the application or any patent issuing thereon. 
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Respectfully submitted. 




Steinunn Baekkeskov 
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Curriculum Vitae 



Professor of Medicine and Microbiology/Immunology 

Horan Markarian Chair of Diabetes 

Hormone Research Institute/Diabetes Center/ Box 0534 

University of California, San Francisco 

San Francisco, CA 94143-0534 



Candidatus Sdentarum, (M. Sc./Fh,D.degree) in Biochemistry from the University of 
Copenhagen, Denmark. 

Licentiata sdentarum, (Ph.D. degree) in Immunology from the Uruversity of 
Copenhagen, I>enmark 



PROFESSIONAL AND RESEARCH EXPERIENCE 



1973-1975: 



1976 



1977-1979: 



1980-1982: 



1982-1986: 

1986- 1989: 

1987- 1989: 



1989-1992: 



1992-1998 
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1990-1992: 
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1994- date: 



Thesis student. Department of Chemistry, The Carlsberg Laboratory, Copenhagen. 
Isolation characterization and chemical modification of enzymes from Sflcchflromyces 
cerevisae. Thesis: Characterization and chemical modification of glucose-6-phosphate 
dehydrogenase from Brewers yeast. 

Lecturer in Biochemistry, Department of Biochemistry, University of Copenhagen 
Medical School 

Postdoctoral Fellow, Department of Biochemistry, International Laboraitory for 
Research on Animal Diseases (ILRAD), Nairobi, Kenya. Isolation and 
characterization of membrane proteins and lipids of African trypanosomes. 

Postdoctoral FeUow, Hagedom Research Laboratory, Gentofte, Denmark. Research 
area: Immimology/cell and molecular biology pf the pancreatic P-cell. The role of 
autoimmimity in the pathogenesis of insnlin-dependent diabetes. 

Staff Scientist, Hagedom Research Laboratory. 

Senior Staff Scientist, Hagedom Research Laboratory (permanent position). 
Member of a panel of 6 Senior Staff Scientist that formed the E>irectory Board of the 
Hagedom Research Laboratory. 

Assistant Professor, Department of Medicine, Department of Microbiology /Immunology, 
University of Califomia, San Francisco 

Associate Professor Department of Medicine, Department of Microbiology /Immunology, 
University of Califomia San Francisco- 
Professor of Medicine and Microbiology/Immunology, University of Califomia San 
Francisco 

Member of UCSF Graduate Program in Endocrinology 
Member of UCSF Graduate Program in Molecvdar Medidne in FIBS 
Member of UCSF Biomedical Sciences Graduate Program 
Member of UCSF Graduate Program in Immimology in PIBS 
Member of UCSF Graduate Program in Cell Biology in FIBS 
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AWARDS AND HONORS 

1970-1973 P. Wultf s Foundation Scholarship 

1973-1975: Carlsberg Foundation Research Studmt Fellowship Award 

1982-1984: Juvenile Diabetes Fpvmdation Fellowship Award 

1984-1987: Juvenile Diabetes Foundation Career Development Award. 

1991-1993 " NIH-Shannon Award 

1997-current Horan Markarian Qiair of Diabetes 



PUBLICATIONS 

Original Articles in Reviewed Jotumals: 



1. Rovis, L. and Baekkeskov, S. SubceUular fractionation of Trypanosoma bruceu Isolation and 
characterization of plasma membranes. Parasitology 80, 507-524 (1980). 

2. Baekkeskov, S., Kanatsma, T., Klareskog, L., Nielsen, D.A., Peterson, P.A., Rubenstein, A.H., Steiner, 
D.F., and Lemmark, A. Expression of m^or histocompatibility antigens on pancreatic islet cells. Proc. 
Natl. Acad. ScL USA 78, 6456-6460 (1981). 

3. Steffes, M.W., Nielsen, 0., Dyiberg, T., Baekkeskov, S., Scott, J., and Lemmark, A. Islet transplantation 
in mice differing in the I and S subregions of the H-2 complex. Trai\splantation 31, 476-479 (1981). 

4. Baekkeskov, S., Nielsen, J.H., Mamef, B., Bilde, T., Ludvigsson, J., and Lemmark, A. Autoantibodies in 
newly diagnosed diabetic children immimoprecipitate specific human pancreatic islet cell proteins. 
Nahire 298, 167-169 (1982). 

5. Dyrberg, T., Baekkeskov, S., and Lemmark, A. Specific pancreatic P-cell surface antigens recognized by a 
xehogenic antiserum. J. Cell Bibl. 94, 472-477 (1982). 

6. E>yrberg, T., Nakhooda, A.F., Baekkeskov, S., Lemmark, A., Poussier, P., and Marliss, E.B. Islet cell 
surface antibodies and lymphocyte antibodies in the spontaneously diabetic "BB** Wistar rat. Diabetes 
31, 278-181 (1982). 

7. Kanatstma, T., Baekkeskov, S., Lemmark, A., and Ludvigsson, J. Immmoglobulin from insulin-dependent 
diabetic cluldren inhibits glucose-induced ins\ilin disease. EHabetes 32, 520- 524 (1983). 

8. Baekkeskov, S., and Lemmark, A. Glucose stimxilates the biosynthesis of a human pancreatic islet cell 
protein, detected by an antiserum against the human erythrocyte glucose transporter. FEBS Letters 157, 
331-335 (1983). • 

9. Baekkeskov, S,, E^yrberg, T., and Lemmark, A. Autoantibodies against an Mr 64K islet cell protein 
precede the onset of insulin-dependent diabetes in the BB-rat. Science 224, 1348-1350 (1984). 

10. Baekkeskov, S. and Lemmark, A. A P-cell glycoprotein of Mr 40,000 is the major rat islet cell immixnogm 
following xenogenic immimization. Diabetblogia 27, 70-73 (1984). 

11. Gerling, I., Baekkeskov, S., and Lemmark, A. Islet cell and 64K autoantibodies are associated with 
plasma IgG in newly diagnosed insulin-dependent diabetic children. J. immvmol. 137, 3782-37fif5 (1986). 

12. Baekkeskov, S., Landin, M., Kristensen, J.K., Srikanta, S., Bruining, G.J., Mandrup-Poulsen, T., de 
Beaufort, C, Soeldner, J.S., Eisenbarth, G., Lindgren, F., Simdquist, G., and Lemmark, A. Antibodies to a 
Mr 64,000 human islet cell antigen precede the clinical onset of insulin-dependent diabetes. J. Clin. 
Invest. 79, 926-934 (1987). 
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13. Efrat, S., Baekkeskbv, S., Lane, D., and Hanahan, P. Coordinate expression of SV40 large T and p53 
proteins in ^-cells of transgenic mice harboring hybrid insulin-large T antigen genes. Ennbo J. 6, 2699-2704 
(1987). 

14. Wamock, CL., Ellis, D., Rajotte, R.V., Dawidson, I., Baekkeskov, S., and Egebjerg J. Studies on the 
isolation and viability of hiiman islets of Langerhans. Transplantation 45, 957r963 (1988). 

15. Christie. M., Landin-Olsson; M., Sundkvist, G., Dahlquist, G., Lemmark, A. & Baekkeskov, S* 
Antibodies to a Mr 64,000 islet cell protein in Swedish children with newly diagnosed tjrpe 1 (insulin 
dependent diabetes. Diabetologia 31, 597-602 (1988). 

16. Efrat, S., linde, S./Kofod, H., Spector, D., Delannoy, M., Grant, S., Hanahan D., and Baekkeskov, S. P 
cell lines derived from transgenic mice expressing a hybrid insulin gene-cwicogene. Proc. Natl. AcsLd. Sci. 
USA 85, 9037-9041 (1988). 

17. Hansen, W.A., Christie, M.R., Kahn, R., Norgaard, A., Abel, I., Peitersen, A.lvt, Jorgensen, D.W., 
Baekkeskov, S., Nielsen, J.H., Lemmark, A., Egeberg, J., Richter-Olesen, H., Grainger, T., Kristensen, 
J.K., Brynitz, S., and Bilde, T. Supravital dithizone staining in the isolation of himtan and rat 
pancreatic islet. Diabetes Research, 10, 53-57 (1989). 

18. Baekkeskov, S., Wamock, G., Christie, M., Rajotte, RV., Mose-Larsen, P., and Fey, S. Revelation of 
specificity of 64k autoantibodies in IDDM serums by high-resolution 2D-gel electrophoresis. 
Unambiguous identification of 64k target antigen. Diabetes 38, 1133-1141 (1989). 

19. Schoenle, E.J., Boltshauser, E.J., Baekkeskov, S., Landin Olsson, M., Torresani, T., von Felten, A. 
Preclirucal and manifest diabetes mellitus in young patients with Friedreich's atazia: No evidence of 
immime process behind the islet cell destruction. Diabetologia 32: 378-381 (1989). 

20. Christie, M., Pipeleers, D., Lemmark, A., Baekkeskov, S. Cellular and subcellular localization of a Mr 
64000 protein autoantigen in insulin-dependent diabetes. J. Biol. Chem. 265: 376-381 (1990). 

21. Baekkeskov, S., Aanstoot, H.j., Ghristgau, S., Reetz, A., Solimena, M., Cascalho, M., Folli, F., Richter- 
Olesen, H. and De Camilli, P. Identification of the 64k autoantigen in insulin-dependent diabetes as the 
GABA-synthesizing enzyme glutamic acid decarboxylase. Nature 347, 151-156 (1990). 

22. Christgau, S., Schierbeck, H., Aanstoot, H.J., Aagaard, L., Begley, J.S., Kofod, H., Hejnaes, K; and 
Baekkeskov, S. Pancreatic ^-cells express two autoantigenic forms of glutamic acid decarboxylase, a 
65kDa hydrophilic form and a 64kDa amphiphilic form which can be both membrane-bound and 
soluble. J. Biol. Chem. 266, 21257-21264 (1991). 

23. Christgau, S., Aanstoot, H.J., Schierbeck, H., Begley, K., TuUin, S., Hejnaes, K. and Baekkeskov, S. 
Membrane anchoring of the autoantigen GAD^s to microvesides in pancreatic p-cells by palmitoylation 
in the N-terminal domain. J. Cell Biol. 118, 309-320 (1992). 

24. Moller, C.J., Cristgau> S., Williamson, M.R., Madsen, O.D., Zhan-Po, N., Bock, E. and Baekkeskov, S. 
Differential expression of neural cell adhesion molecular and cadherins in pancreatic islets) 
glucagoitomas, and insulinomas. Molecular Endocrinology 92, 1332-1342 (1992)1 

25. Richter, W., Shi, Y. and Baekkeskov, S. Autoreactive epitopes in glutamic acid decarboxylase defined 
by diabetes-associated hirnian monoclonal antibodies are localized in the middle and C-terminal 
domains of the smaller form of glutamate decarboxylase. Proc. Natl. Acad. Sci., USA, 90, 2832-2836 
(1993). 

26. Radvanyi, F., Christgau, S., Baekkeskov, S., Jolicoeur, C. and Hanahan, D. Pancreatic P cells cultured 
from individual preneoplastic fod in a multistage tumorigenesis pathway: a potentially general 
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technique for isolating physiologically representative cell lines. Mol. Cell. Biol./ 13, 4223-4232. 
(1993). 

27. Petersen, J.S., Marshall, M.O., Baekkeskov, S., Hejnaes, K.R., Hoier-Madsen, M., and Dyiberg, T. 
Trai\sfer of TypeJL (ins\ilin=de5)_endmt)^ d^^ associated autoimmunity to mice with severe 
combined immimodefidency (SCTO). Diabetoiogia 36, 510-515 (199^^^^ 

28. Kim, J., Richter, W., Aahstoot, H.-J., Shi, Y.> Fu, Q., Rajotte, FL, Wamock,' G., and Baekkeskov, S-. 
Differential expression of GAD65 and GADg? in human, rat, and mouse pancreatic islets. Diabetes 42, 
1799-1808 (1993). 

29. Shi, Y. Veit, B., and Baekkeskov, S. Amino acid residues 24-31 but not palmitbylatiort of cysteines 30 and 
45 are required for membrane anchoring of glutamic acid decarb6>cyla^, GADes- J. Cell. Biol. 124, 927- 
934 (1994). 

30. Aanstoof, H.-J., Sigurdsson, E., Shi, Y. Christgau, S., Grobbee, D. Bruining, G.J., Molenaar, J.L., Hofman, 
A., Baekkeskov, S. Value of antibodies to GAD^s combined with islet cell cytoplasmic antibodies for 
predicting type 1 (insvilin dependent) diabetes mellitus in a childhood population. Diabetologia 37, 917- 
924 (1994). 

31. Kim, J., Namchuk, M., Bugawan, T., Fu, Q., Jaffe, M., Aanstoot, H-J., Turck, C. W., ErUch, H., Leimon, V., 
and Baekkeskov, S. Higher autoantibody levels and recognition of a linear N-terminal epitope in the 
autoantigen GAD65 distinguish stiff-man syndrome from ir\sulih dependent diabetes. J. Exp. Med. 180, 
595-606(1994). 

32. Aanstoot, H-J., Kang, S-M., Kim, J., Lindsay, L-A., Roll, U., Kriip, M., Atkii\son, M., Mose-Lar^, P., 
Fey, S., Fu, Q., Ludvigsson, J., Landin, M., Bruirung, J., Maclaren, N., Akerblom, H., Baekkeskov, S. 
Identification and characterization of glima 38, a glycosilated islet cell membrane antigen which 
together vrtth GAD65 and IA2 marks the early phases of autoimmune response in type 1 diabetes. J. Clin, 
Invest. 97, 2772-2783 (1996). 

33. Syreil, K., Stoehrer, B., Jury, K., Boehm, B. O., Baekkeskov, S., and Richter, W. Lnmunie reactivity of 
diabetes associated human monoclonal antibodies defines mtdtiple epitopes and detects two domain 
boundaries in glutamite decarboxylase. J. Immunol. 157, 5208-5214 (1996). 

34. Namchuk, M., Lindsay, L-A., Turck, C.W., Kanaaiu, J., and Baekkeskov, S. Phosphorylation of Serine 
Residues 3, 6, 10, land 13 distinguishes membrane anchored from soluble glutamic add decarboxylase 65 
and is restricted to glutamic add decarboxylase 65a. J. BioL Chem. 272, 1548-1557 (1997). 

35. Kang, S.-M., Schneider, D.B., Lin, Z., Hanahan, D., Dichek, D.A., Stock, P.G., and Baekkeskov, S. Fas 
ligand expression in islets of Langerhans does not corrfer immune privilege and insteiad targets them for 
rapid destruction. Nature Med. 3:738-743 (1997). 

36. Kash, S. F., Johnson, R,S., Tecott, L.H., Noebels, J.L., Mayfield, R.D., Hanahan, D., and Baekkeskov, S. 
Epilepsy in mice defident in the 65 kDa isoform of glutamic add decarboxylase. Proc, Natl. Acad. Sci. 
USA 94, 14060-14065 (1997). 

37. Hensch, T. K., Fagiolini, M., Mataga, N., Stryker, M. P., Baekkeskov, S., and Kash, S. F. Local GABA 
circuit control of experience-dependent plastidty in developing visual cortex. Sdence 282, 1504-1508 
(1998). 

38. Bridget, M., Cetkovic-Cvrlje, O'Rowke, R., Shi, Y., M., Narayartswami, S., Lambert, J., Ramiya, V., 
Baekkeskov, S., and Leiter, E. Differential protection in two transgenic lines of NOD/Lt mice 
hyperexpressihg the autoantigen GAD65 in pancreatic beta cells. Diabetes 47, 1848-1856 (1998). 
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39. Kash, S. F., Tecott, L. H., Hodge, C, and Baekkeskbv, S. Increased anxiety and altered responses to 
anxiolytics in ihice deficient in the 65 kDa isoform of glutamic acid decarboxylase. Proc. Natl. Acad. 
Sd. 96, 1698-1703 (1999). 

•29> __Schwartz, H., Qiandonia, T-M.. Kash, S. F.. Tiinnell. E., Dcaningo. A.. Cohen, F.. Banga> J. P., Madec, 
A.-M., Richter W., and Baekkeskov, S. High resolution epitope mapping and structural modeling of 
human glutamic acid decarboxylase 65. J. Mol. BioL 287, 983-999 (1999). 

30. Kash, S., Condei, B., and Baekkeskov, S. GABA in brain and pancreas: Lessons from knock-out mice. 
Hormone and Metabolic Research 31, 340-344, 1999. 

31. Tian, N., Petersen Cv Kash, S. P., Baekkeskov, S., Copenhagen> D. and Nicoll, R. The role of the 
synthetic enzyme GAD65 in the control of neuronal GABA release. Proc Natl. Acad. Sd. USA, 96, 
12911-12916,(1999). 

32. Kanaani, J., lissin, D., Kash, S. P., and Baekkeskov, S. The hydrophilic isoform of glutamate 
decarboxylase, GAD67, is targeted to membranes and nerve termini independent of dimerization with 
jflie hydrophobic membrane anchored isoform, GAD65. J. Biol. Chem. 247, 37200-27209, (1999). 

33. Roll, O., Ttirck, C.W., Giteknan, S.E., Rosenthal, S.M., Nolte, M.S., Masharani, U., Ziegler, A.-G., and 
Baekkeskov, S. Peptide mapping and characterization of glycosylation patterns of the glima 38 
antigen recognized by autoantibodies in Type 1 diabetic patients. Diabetologia, 43, 598-608 (2000). 

34. CRourke, FL W., Kang, S-M., Lower, J, A., Feng, S., Ascher, N. L., Baekkeskov, S., and Stock, P. G. 

A dendritic cell line genetically modified to express CTLA4-Ig as a means to prolong islet, allograft 
sijrvival. Transplantation 69, 1440-1446 (2000). 

35. Kang, S-M., Braat, D., Schneider, D. B., O'Rourke, R. W., Lin, Z., Ascher, N. L., Dichek, D. J., 
Baekkeskov, S., and Stock, P. G. A non-cleavable mutant of Fas ligand does not prevent neutrophilic 
destruction of islet transplants. Trar\splantation> 69, 1813-1817, (2000). 

36. Shi, Y., Kanaani, J., Menard-Rose, V., Ma, Y-H., Chang, P-Y, Hanahan, D., Grodsky, G., and 
Baekkeskov, S. Increased expression of glutamic add decarboxylase and GABA in pancreatic P-cells 
impairs glucose-stimulated insulin , secretion at a step proximal to membrane depolarization. Am. J. 
Physiol. EndocrinoL Metab. 279, 684-694, (2000). 

. » 

37. Wolfe, T., Bot, A., Hughes, A., Mohrle, U., Rodrigo, E., Jaume, J. C, Baekkeskov, S., and von Herrath, 
M. Endogenous expression of autoantigens influence success or failure of DNA immunizations to prevent 
type 1 diabetes: addition of IL-4 increases safety. Exir. J. Immtmol. 32, 113-121. 200Z 

38. Jaume, J. C, Parry, S. L., Madec, A.-M., Sonderstrup, G., and Baekkeskov, S. Suppressive effect of 
GAD65-specific autoimmune B lymphocytes on processing of T cell determinants located within the 
antibody epitope. J. Immunology 169, 665-672, 2002. 

39. Kanaani, J., El-Husseini, A. E-D., Aguilera-Moreno, A., Diacovo, J. M., Bredt, D. S., and Baekkeskov, S. 
A combination of three distinct trafficking signals mediates axonal targeting and presynaptic clustering 
of GAD65. J. Cell Biol. 158, 1229-1238. 2002. 

40. Hayakawa, N., Premawaedhana, L.D.K.E., Powell, M., Masuda, M.. Arnold, C., Sanders, J., Evans, M., 
Chen, S., Javmie, J. C, Baekkeskov, S., Rees Smith, B. and Furmaniak, J. Isolation and characterization 
of human monoclonal autoantibodies to glutamic acid decarboxylase. Autoimmimity 35, 343-355, 2002. 

Symposia Papers, Reviews, and Book Chapters: 

1 . Lemmark, A. and Baekkeskov, S. Islet cell antibodies - theoretical and practical implications. 
Diabetologia 21, 431-435 (1981). 
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2. Lemmark, A., Bonnevie-Nielsen, V., Baekkeskov/ S., Dyrberg, T., Kanatsima, T., and Scott, J. Islet cell 
. antibodies. In: Etiology and pathogenesis of insulin-dependent diabetes meUitus, eds.: ]M. Martin, R.M. 

Ehrlich, and FJ. Holland, Raven Press, N.Y., pp. 61-71 (1981). 

3. ^Baekkesko y._S., D)a:berg, Kanatsuna, Lemma^ K. The significance . 

of ICSA in IDDM among Caucasians. In: Proceedings of the International Syrtiposium cn Clinico-Genetic 
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DiAMYD 

At mm OA I, 
Priess Release 

Stockholm, April i 1 , 2003 '• - 

Diamyd Medical to present Phase II results with diabetes vacxiine in June 

Diamyd Medical (O^ist) is developing a GAD vaccine for insulin-dependent diabetes. 
The company plans to present results from its Phase II trial witti the vacdne during 
the American Diabetes Association Congress in New Orieans, June 13-17, 2003. The 
sbjd/s main aims era, in the first place, to investigate the safety of the vaccine and 
in the second place to obtain an indication of the vaccine's efficacy. It is Diamyd 
Medical's ambition, if the Phase II trial is successful, to seek cooperatior^ with an 
established pharmaceutical company for further comercialization of the vacdne and in 
doing so to achieve a positive cash flow. 

Diamyd Medical has been conducting a Phase II study since May 2001 on 48 orally treated diabetes . 
patients who' have antit>odies to GAD. The GAD antibodies indicate that an autoimmune process is 
underway, that eventually will destroy the patient's Insulin-producing cells by which time patients will 
be dependent on daily insulin iiije^ons. The Diamyd vaccine is intended to prevent this development 
so that patients continue to produce their own insulin. This Phase II study, the results of which are 
expected to be available in June, is aimed in the first place to investigate if the vaccine is safe to 
administer as well as to provide an indication of the vaccine's effect at various dose levels. The study 
is double-blind and placebo controlled, that is not>ody knows who has received the active vaccine or 
the placetx). 

"We are working to be at>le to break the code in June and present the results of the study during the 
■ American diabetes confer^nce, which ttiis year is being heW in New Orieans June 13-17," says 
Anders Essen-Mdiier. *This event is usually attended by some 8,000 doctors and scientists and we 
hope to reach out with our results to them.** 

About Diamyd Medk:al: 

Diamyd Medical's business idea is to identify and develop pharmaceutical projects up to and 
including Phase IL At present Diamyd Medk:al is running a number of GAD-based developnrient 
projects and has the licensed rights for this from universities in the US. The Company's project that 
has come forthest is a vaccine for insulin-dependent diabetes. 

The projects will then t>e soki or licensed to major pharmaceutical companies for further 
commercialization. The development and marketing of related diagnostic tests and substances 
takes place in parallel to promote contact with researchers and prepare the market for the impending 
pharmaceuticals. 



For further information, please contect: 

Johannes Falk. Diamyd Medk:al AB (publ). 

Phone: +46 8-661 00 26, +46 8-661 12 25. 

fax: +46 8-661 63 68. or via e-mail: info@diamyd.com 

No guarantee is given or implied for the accuracy of any statements on present, historical or future 
results. 
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DlAMYD 

U K D i O A I. 

Press Release 

Stockholfn. April 28. 2003 ' 

Major potential for Diamyd's diabetes vaccine 

Diamyd Medical (O^ist) refX)rts that the last patient samples have been taken today in 
the ongoing six month's Phase II study with the GAObased diabetes vaccine, 
Diamyd^, Diamyd Medical is planning to present the results from the study at the 
American Diabetes Association scienUfic congress in the US between June 13 and 17. 
The first application of the vacdne Us seen to be preventing diabetes patients being 
treated wHh insulin in tablet form from becoming dependent on injections. Further 
applications are expected to be the prevention of insulin dependency in children and 
young people who run the risk of developing the illness and increasing ^the survival 
capability of insufin producing cells after transpilantatkyn. 

The first diabetes patient was injected with the Diamyd diabetes vacdne In Mstf 2001, Since then, a 
total of 47 patients have been included in Oiamyd Medical's clinical Phase II study that has been 

. carried out In both Malmft and Stockholm, Each patient has visited the hospital ten times during a 
six-month ^period so that samples could be taken. Extensive analysis of the samples have been 
carried out by experts in the US, the UK and Sweden. Apart from the safety aspects of the vaccine. 

•both metat>olic and immunological parameters are thoroughly monitored aimed at obtaining an 
indication of the vaccines function and effkracy. "Today another milestone has been passed with the 
last four patient samples t>eing taken In the six-month study," says CEO Anders Essen-MSIIer. "We 
look forward vdth great interest to the results that are expected to be published in June at the 
American Dtat)etes Association conference in New Orleans.- 

The first category for the vaccine is seen to be those diabetes patients with antibodies against GAD 
who are bemg treated with tablets. The annual market for this patient category is estimated to be SEK 
5-10 billfon. There are similar maricets if the vaccine can be developed to prevent insulin-dependent 
diat>etes in chiklren and young people. 

About Diamyd Medk:al: 

Diamyd Medical's business idea is to Wentify and develop pharmaceutical projects up to and 
including Phase 11, At present Diamyd Medteal is running a number of GAD-based development 
projects and has the licensed rights for this from universities \n the US. , 



For further information, please contact: 

Johannes Falk. Diamyd Medical AB (publ). 

Phone: +46 8-661 00 26, +46 8-661 12 25, 

fax: +46 8-661 63 68, or via e-mail: info@diamyd.com 

No guarantee is given or implied for the accuracy of any statements on present, historical or future 
results. 
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NEW CLINICAL TRIAL IN NEWLY DIAGNOSED TYPE 1 DIABETES 

HOUSTON, TEXAS 



THE UNIVERSitY OF TEXAS DIABETES RESEARCH GROUP 
NEWSLETTER presents new Information on studied of oral (ingested) type 
I interferon, the Endocrinology Divisions in both Internal Medicine and 
Pediatrics are now recruiting newly diagnosed type 1 diabetes patients in a 
phase II randomized, double-blind, parallel-design clinical trial to determine 
whether ingested (oral) human recombinant IFN-a will prolong the 
'honeymoon' period. We have demonstrated that ingested IFN-a prevents 
type 1 diabetes in the NOD mouse. Ingested IFN-a also prolongs the 
'honeymoon' period in newly diagnosed type 1 diabetics in phase I open 
label clinical trial recently completed here at UT-Houston. The natural 
history of type 1 diabetes Is unique for a phase frequently referred as the 
"honeymoon**, a period in which the insulin need becomes minimal and 
glycemic control Improves, the b cell partially recovers. However, as with 
all honeymoons, they end and the patient becomes compjietely insulin- 
deficient The general consensus of the international diabetes community 
is to test potential preventive therapies for type 1 diabetes in newly 
diagnosed patients. Prolongation of the honeymoon as the reversal of the 
disease is considered a positive result 

Entry criteria include male or female type 1 diabetes patients requiring 
insulin within one month of diagnosis between the ages of 3-25 without 
concurrent- diseases. Eighty eligible patients will be randomized into one of 
two treatment arms - the active treatment arm will ingest 30,000 units IFN-a 
daily and the non-active treatment arm will ingest placebo (saline) for one 
year. 

Prior to enrollment into the study (within 1 month of diagnosis), patients 
will be evaluated in the UT University Clinical Research Center at Hermann 
Hospital with a complete medical exam and routine blood tests. Patients 
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wilt be seen monthly for the first three months; and every three jmonths 
thereafter. Primaiy outcome measures will be a 30% increase in C-^peptlde 
levels released after SustiEjcal stimulation at 3, 6, 9, and 12 months after . 
: entry. If successful, this will jead to a larger and longer phase III trial of 
■' . prevention of type 1 diabetes In high risk patients. . 

* ' ♦ * • * * • 

We jappreciate your help iii referring patients, to our Diabetes Research 
Group. Your efforts ailpw patients the opportunity to be involved in cutting 
edge clinical trials. There is no charge to your patients. Patients will 
continue to' be followed by their private endocrinologist for optimization oif 
glyceniic control duHng the course of the study. This trial will require trips 
to Houston at entry and at months 1 , 2, 3, 6, 9, and .12 for testing. 

If you have or know of patients that might wish to participate In this clinical 
trial outlined above, please call any of the numbers below. 

Staley A. Brod, MD Principal lnvesjtigator-713 500-7b46or713 . 
500-7050, Fax:713-500-7041 (PI) 

Phil Orlander, MD Adult Endocrinology - Co- Principal Investigator 
713-500-6646 

Victor Lavis, M.D. Adult Endocrinology 

Patrick Brosnan, M.D. Pediatric Endocrinology - 713-500-5646 

Luciie Lambert, Asst to Dr. Brod 713 500-7050. 

-The (Jniverslty of Texas - Houston. 

Department of Pediatrics, Internal Medicine, and Neurology (Immunology) 
6431 Fannin St 
Houston, Texas 77030 

LINKS ABOUT THIS INVESTIGATOR AND CLINICAL TRIAL - 

About Dr. Brod 

More about Dr. Brod - 1981 

How to participate in a study at the University of Texas - Houston 



DO YOU WANT TO TALK ABOUT IT? 
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Anti^CP3 Monoclonal Antibody in New-Onset Type 1 
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ABStRAGT 

Backgmutidlype 1 diabetes mellitus is a chronic autoimmune 

disease caused by the pathogenic action of T lymphocytes on 

insuiin-producing t>eta cells. Previous clinical studies have 
shown that continuous immune suppression temporarily slows 

the loss of insulin production. Preclinical studies suggested that 
a monoclonal antitx)dy against CD3 could reverse 

hyperglycemia at presentation and induce tolerance to 

recurrent disease. 

^fe//70cfs We studied the effects of a nonactivating humanized 

monoclonal antibody against CD3 — hOKT37l (Ala-Ala) — on 

the loss of insulin production in patients with type 1 diat^etes 
mellitus. VVithin 6 weeks after diagnosis, 24 patients were 

randomly assigned to receive either a single 14-day course of 

treatment with the monoclonal antibody or no antibody and 

were studied during the first year of disease. 

Results Treatment with the monoclonal antibody maintained or 
improved insulin production after one year in 9 of the 12 

patients in the treatment group, whereas only 2 of the 1 2 

controls had a sustained response (P=0.01), The treatment 

effect on insulin responses lasted for at least 1 2 months after 

diagnosis. Glycosylated iiemoglobin levels and insulin doses 
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^ were also reduced in the monoclpnal<-antibody group, tsio 
severe side effects occurred, and the most common side 
effects were fever, rash, and anemia. Clinical responses were 
associated with a change in the ratio of CD4-i- T cells to CDSt 
I cells 30 aha i)u aays after ireaimem. 

Conclusions treatment with hOKT37l (Ala-Ala) mitigates the 
deterioration in insulin production and improves metabolic 
control during the first year of ^e 1 diat>etes mellitus in the 
majority of patients. The mechanism of action of the anti-CD3 
monoclonal antibody may involve direct effects on pathogenic 
T cells, the induction of populations of regulatory cells, or both. 
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Abstract 



Objective: The objective of this proposal s to study the Immunologic effects of humani 
non*bindlng anti-CD3 mAb on immune responses associated with Type 1 diabetes (TIOI 
develop this therapy to prevent the Immune destruction leading to beta cell loss. 

Basis/Rationale: Studies of the natural history of TIDM Indicate that 100% of tndlvldu 
the disease still make detectable Insulin even after the first year of diabetes but lose tht 
completely over the next 5 years. Retention of the ability to produce any Insulin endoge 
results In improved dinlcal control of the disease, and therefbre, reduced secondary 
complications. In the NOD mouse, antl-CD3 mAb reversed hyperglycemia after presentz 
hyperglycemia, induced long lasting protection from disease in the absence of contlnuot 
treatment, and prevented recurrent diabetes In recipients of Islet allografts* Pre*dlnlcal 
FcR non*blndlng anti-CD3 mAb suggest that the mAb selectively anerglzes activated Th: 
possibly by delivering an altered TCR signal. Thl cells are thought to be Involved In TID 
are most prevalent In the Islet at the late stages of the disease, thus suggesting the has 
efficacy of anti-CD3 mAb even after presentation. We have been conducting a Phase I/I 
this agent in patients with new onset TIDM. The drug has been well tolerated and does 
the toxicities of OKT3. Our studies have suggested a dosing regimen appropriate for Phc 
trials and mechansms that may account for the mAb effect. 



Significance: The triarformally tests the hypothesis, that th man, TIOM is mediated b> 
lymphocytes. This drug may be of valuefor treatment of TIOM and prevention of Its rea 
Islet allografts. Relevance of Immune Tolerance: In mouse studies, the drug IrnJuces toll 
TlDM. This study will test the same In nian, and develop a protocol that will maintain to 
Islet cells. 



Clinical Protocol Summary: In this Phase II protocol, the mAb will be administered or 
1, 2, or 3 occasions during the first 1 1/2 years of disease. This protocol differs from the 
Phase I, single treatment protocol In that repeated administration of the mAb is utilized 
the effects of the mAb In a manner analogous to repeated administration of a vacdne. C 
resppnses of the treated groups (n=24 In each) will t>e compared to untreated patients. 



Mechanistic Studies: The planned mechanistic studies, Iricluded In this proposal are sf 
questions pertaining to the Immunologic effects In diabetes, and will determine how the 
workis and how to best utilize It for treatment. The studies test three mechanisms to acc 
the actions of the drug. First, that pathogenic T cells are deleted from the repertoire by 
treatment Second, that the drug anerglzes specific populations of T cells, most likely Tt 
cells Including those cells responsible for islet antigen recognition. Third, that subpopula 
cells activated by mAb <l.e. CD69+ or CD25+) represent a regultory population that ma 
the function and/or effects of autoimmune effector cells. In addition to these studies, sa 
and clinical Information from this trial should facilitate studleis using tolerance assays of 

< Kevan Herold, Naomie Berrie Diabetes Center, Columbia University 
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COLLAGEN-INDUCED ARTHRITIS IN RATS: ANTIGEN-SPECIFIC SUPPRESSION OF 
ARTHRITIS AND IMMUNITY BY INTRAVENOUSLY INJECTED NATIVE TYPE II COLLAGEN^ 

MICHAEL A, CREMER,^ ALFRED D. HERr4ANDEZ. ALEXANDER S. TOWNES. JOHN M, STUART, and 

ANDREW H. KANG 

From the Veterans Administration Medicei Center and the Oepartmem of Medicine and Biochemistry, UniversHy of Tervtessee Center for the Health 

Sdences, Memphis. m3B104 



CoUagen-kiduced arthritis (CIA) developed In 70 to 90% Although the exact pathogertc mechailsm(s) remain lo be 

of rats rnimunized with heterologous type II coUageit CIA defined, substantial evidence exists inking OA with the inmunfe 

was reduced tot) to 18% when rats were injected Lv., le., response to type 11 collagen. Investigators from thb laboratory 

pretreated, with 1 mg of soluble native type II collagen and others (5-7) have shov^m that sera from rats 

before immtinization. Concomitant witfi the suppression contain significantly higher tfters of antibody U> type 0 coSagen 



of CIA were significant suppression of IgM, IgG, and 
delayed-lype hypersensHhrity (DTH) responses to type II 
collagen. Suppression of CIA and Immunity to collagen 
was antigeiv-specific, related to dose and route of admin- 
istration, and occurred only when 1 mg of collagen was 
Injected Lv. eittier 32, 7, or 4 days before, or 7 days after 
immurwation. €>hce CIA was established, however, nei- 
ther arthritis nor Immunity could l>e suppressed. 

To deteniane if adfuvant-lnduced arthritis (AIA), fike 
CIA, could be suppressed by Lv. pretreatment with type II 
collagen, rats were given 1 mg of type II collagen or PBS 
Lv. l>efore injection with mycol>acteria arKi oO. AIA was 
not suppressed, and arthritis appeared In tx>th groups at 
a similar incidence and severity. Sera from 26 rats with 
severe AIA that was collected between days 14 and 35 
after injection were assayed for IgG to homologoua rat 
type U collagen and were found to t>e negative. 

These findings furtfier support the hypothesis that CIA 
In rats is mediated l>y immunity to type H cottagen and 
also suggest that CIA and AIA have different primary 
pattiogenic miechanisms. 



CoHagen-mduced arthritis (ClAf is an experimental model of 
inflammatbry polyarthritis tfiat can t>e induced tn 70 to 90% of 
susceptiile rats (1-18) or mice (19-21) by sensitizing them with 
heterologous native type U coOagen. In addition to arthdtis, 
approximate^ 14% of rats also develop inflammatory auricular 
chorxtritts tfiat htetolo^caOy resemble the lesions found in re- 
lapsing polychondritis (&-10). 
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layecMypehypersensitiwty: BJSA. enz|ine««edin«nunosort^ 

dermal: UAI. maximum arthritis index: OVA, ovaftMjniin; native rat type II 
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than sera from sensitized rats that faied to develop <fisease. 
FtJTthermore, we have shown a temporal relation t>etween the 
onset of OA and the presence of circulating IgM and IgiQ 
immunoglobufins and lymphocytes reactive with native type II 
col^en (4). Ad<fitk)nal evidence supporting an imnfMine-mecfi^ 
pathogenesis of QA includes the adoptive transfer of arthritis to 
naive redpients (11), atxogation of dteease by deptetir^ seojm 
complement (0) with ccAm venom (12). modufation of OA with 
ffnmunostinrN^tory and immunosuppres^ agents (13), sup- 
presslon of CIA by i.v. infection coOagen^oated spleen ceSs 
(14), and most recently the passive transfer of CIA to naive 
re<^Ments by using specific IgG prepared from sera of rats with 
acute arthriUs (15^ 16). 

Reported here are studies showing that a sinj^ ir^jection of 
sokible type II collagen, given l.v., before or shortly after intra- 
dennd fi.d,) challenge with an tfthntogervc preparation of type 
n colagen, was h^ effective and specific n suppressing OA 
arKl immunity to type H collagen. In contrast, an i.v. injeceon of 
type II collagen had no effect on the incidence or severity of AIA. 
These findings further si^iport the hypothesis that QA In rats is 
mecfiated by immur^ to native type 11 colagen and also suggest 
that CU and AIA have dtfferem prirnary pathogenic mechanisrns. 

MATERIALS ANO METHOOS 

Anfrnals. CKittvad ferrate Wistar rMs (Chtffos 
mc. Waminglai. MA or Hartan SpcagJe^DaviAey, Indlmpais. weiglNno 
txrtween 100 and J2S gm were used for those studiea. Rats ton twih 
suppfim devetopod OA «t the sarna iTKkierm aridprodused 
IgG resporises to type I oolagea Rats were housed In groups of five in 
t)ononried metal cages ar«d led starKlard iatmtofy dhow arvl 

Coffagen prepararioa l^tive t)ovino (Bit), chide 
colftgeru vim s(Ai)9zod by imfted pepsin digests 
cNdc sterna, and rat chondrosarcoma tumor, respectively; and were purified 
as deserted (3). Native tXTVfrw type 1 ooOagen (B9 was solul3^^ 
digestion or fetal txyvine sidn (1). IHirity of ooCtagen vvas deternm^ 
add analysis. soc9um dodecyt siifate polyacrytamlde gd elec&c^^ 
uontoaddarulysis. 

ftor«x)i ro modSJ^r CM hyiv. jf^Secffcw 
detemane whether the inddenoe. severity, or duration of OA couU t)e 
modified t>y IrVection or solutjte type a cxilagon witfvwt 
ac^juvant (TA), rats vm k^octed Lv. with a solution of type M dolagon h 
phosphata^KiTlered aaSne (PBS) pH 7.2. 1>4s proc«di«e wa h 
to BS preae a tmeiit To determhe the effect ol p retr ea tiign l on 0w courM of 
OA. rats were immunized with Btt. Immunization nvi be refenred to as 
chaaenge: TtM dose otf colagen given Lv. and time ol pretie a tme m relative 
to chaBengo vvere varied dermSno on the design of the experiment 

f'rapafatkinatsakjttleeriigemhtiMir^ec^ 
Lv. in|ecfion were praparod as folows. Native C8, 8K. or 81 cdagens wera 
dtesc^yed overrag^ at 4*C in 0.1 M acetic add (1.2 mg/itnO. dta^^ 
arKl centrifLiged at 100.000 X G for 30 mm to remove my Insoluble col^^ 
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7)18 oonoentration of collagen in the supernatant was determined by hydrox- 
yproine oontont end was adjusted to 1 mg/ml t>efore Iv. irjectkxi. One group 
of rats was injected Lv. with 1 mg of Sx reGrystafized ovaftx«i^ ^ 
Chemical Co^SLU3ui5.MC^ fiat was dssoh^<fir^^ vngAnO. 
Intravenous if>|ectioas wero made via the bteral tal vein. 

ImmunlzaOoa protocob. CIA was induced bf Invmrilzing rats with r^atfve 
BI1 that had been dtesotved overnight at 4«C in 0.1 M acetic add (4 mg/knO 
and emiistfied wrtfi an equal volunte of FA pioo Latxvatories. Detroit MI). 
Rats wera iniected (.d twice with 200 |ig of ermisffied Bll. The 
was made in a find metatarsal footpad; the second, 7 days later, into the 
proximal orte-lhird of the tal In one study, rats were li^eaed first with BU 
emulsified in complete Freund's adjuvant (CFA) (t)ffdo Laboratories) and then 
reinfected wtm B«/FA 7 days later. Immunoation with Bl or OVA In tFA was 
perlcxmed in ari ideritical marvier as BN. 

Adjuvant arthritb was Induced tiy Injecting rats id. at the bese of the tai 
with 250 pg of mycobacteria suspended in 0.05 ml of heevy minerBl oi (E. R. 
Squft)b and Sons. Princeton* NJ). Mycobacteda strains CH.T. mf P.N. were 
obtained from the Ministries of Agrtcutture. Ftsheries and Food. Weybrldge. 
Surrey, Engjtand, and were ground In an agate mortis and pestle with o0 
snoftiy oeiora Vfaciion. 

DafemiinaCfon of eev«nfy of arthritis. Rats wiere examined daiy between 
days 10 and 28 lor the presence and severity of dteease. Afterward they 
were examined 2 or 3 times per wk for an additional 2 to 3 ma Any rat 
developing CIA withn the 4-nK> duration of the study was included In 
calculations of IndderKo. onset, and severity of dteease. 

Severity Of arthritis was detemiined stA)|e(lively t>y grac^ 
a scale of 0 to 4 as deserted (4). The maximum arthritis Index (MAQ was 
calrutoted for each rat as the sum of the neatest score racorxled for each 
imb. Thus, a score of 0 represents the absence of arthritis, and soores of 1 
arxJ 16 the mddest and worst cfisease* respective. The MAI per group was 
caloiated by the fonmia: number of arthritic rats x the meai MAI t>y 
rumt>er of rats In the group- 

CoSection of Mpod. Bkxxfl was obtained by venipuncture of the external 
Jugular vein yMo rats were under Ight ether anesthesia. Blood was clotted 
at 4*C overnight and serum stored at ~70**C unti assay. 

Antitxxfy assay. IgG antl-coQagen antibody was measured by an enzyme- 
inlced Itnmuriosort^erit assay ^t^A) system descrftwd tiy Rerinard ef a/. (22) 
following minor modffications. Briefly, colagens or OVA were adsort>ed to 
|x<ystyreoeiitiao tite rplates(Nmc. Neptune. l^overrigM at 4*^^ 
dissoltfed.in 0.15 M potassium phospfiate txifier. 7.6 (5 mQ/MQ. Plates 
wero washed with 0.1 5 M NaD {satne} oont^ning OJOS% Tween 20. Samples 
04100 idol rat sera were added to dupficateweis after dBution in 0.1 MTris- 
HCt tx/ffered saSne, pH 7.50, svpplernented with 1% newtx>m caff serm 
0.5% Triton X-100. After a 1-hr incubation at 2S*C, sera were removed, ml 
the plates were washed. Peroxidase-oor>|ugaled goat anti^ IgG (Cappel 
Laboratories, CochranviOe, PA) was added at a predetermined dihition and 
inajt>ated 90 rnin. After a final wash, 1 00 of orihophenylenedtan*ie (OPO) 
substrate (40 mgOPO in 100 ml phosphate/citrate buffer, pH 5.0 wdAOjd 
of 30% HAJ were added to each wel Colorimatric reactions of dupSdate 
samples were read 1 hr la ter at 490 nm by using a Oynatech MR560 ll/tici^^ 
Autoreader (Oynalecti. Alexandria. VA) and were expressed as at>sortMnce. 

. IgM anH^bolagen antibody was measured t>y a modification of the proce- 
dure used to nieasure IgG; After rat sera were wasTied firom the plates, rabbit 
wdF^IgM (Mies Laboratories, Kankakee, ig was added and incubated for 
1 hr. The plates were then wastied. arxl pera)ddase<»n|ugated Fo-spedric 
goat anti^abbit IgQ (Cappel Laboratories was added as t)efore. Ninety 
minutes later, the plates were washed and processed as deserted for IgG. 

Serum dhitions of 1/100 and 1/10(X). respectively, were used routinely to 
assay lor IgM arKi IgG aritibody In colagerviniected rats. Norinal sera assays 
at dikjtions of 1/10-1/1000 yielded absortme vakies of Oj003 to 0.012 for 
IgG and 0.040 to 0.050 tor IgM. Sera from ad^ivant-^ijected rats were 
assayed tor antiW IgQ at a dlution of 1/10. 

This QJSA system is sensitive and able to detect affinity-purified 
rat antf-etl IgG at a ooncentratlon of < 10 ng/ml (absortiance 0.1 13): normai 
rat IgQ (Cappel Laboratories) gave an absorbarKe readkig of 0.013 wtien 
assayed at 10 ng/ml. 

M0osurent0nt of deiayed-iype hypofsensitivity (D7H). OW ¥td^ 
as the change In ear thidtness (23) In rrWrneters (A rrwn) 48 hr after Ld. 
infection of 20 kO of &n dissotvod In 0.02 ml of PBS. The opposite ear was 
rejected with an equal volume of PBS and served as a controL Measuements 
were made with an engineers micrometer arKl werB expressed as the 
dtfferenoe in Mckrtess t>etween oolagerv end PBS^rtJected ears, k^ection of 
BU Into the ears of naive rats produced only negBgUe sweftng (A 0.05 mm. 
Le., 0.56 mm thickrms preinjection: 0.61 mm 46 lY post-ir^ed^ 

Aleasuremonr of ett in venous bfood after iv. Ir^ocfton. Qearanoo of 
Immundraactiva Bit from the drcuiation after i.v. iniection was measured 
indirectly try QJSA fay utffizing «n Inhltrition assay. Rats were injocted i. v. with 
1 mg of Btt. arvJ blood was coOecied at regular intervals from the exterr^ 
Jugtiar vein In heparlnteed syringes. A sample of 0.3 ml of wfKile btood was 
then mbied with 0.3 nd of diuted rat anti<6l serxjm. Equal amounts of blood 
from a mnin|ec«ed donor or PBS served as controls. The mixtures of btood 
and antiservn were shaken gendy on a piatikvm rocker at 4^C for 1 lir. Alter 
centrifugatinn. 0.1-ml samples of the supematants were added to mkTOtiter 



plates coated with Bn and were assayed as described. Sulficierrt a^^ 
btood were avaiabto from five bleedtogs lo study the irNbitory activity of 
platetot-lree plasma; rwmal plasnrta was used as a control in ttvs instme. 
Inhtoitory activity was not detected to wtiole btood or plasrna obtained from 
normal rats. The percent inhft)vtion vvas calcUated by the lormUa: 

% Inhtoition 

_ Absort>ance antiail serum + BB-ir^ected rat btood or plasma ^ ^ 
Absort>anco anttM serum -i- nonnal rat btood or plasna ^ 

Sratlisf^ariaiyslf. Statistical significanoe of data was detemnined tyy us^ 
tt>e test with Yates correction or Student's f-test tor nonpalned svTH>(es. 
Results are expressed as mean values ± standard error of the mean (SE). 

flESULTS 

CM /s specfficalty suppressed by Lv. h^ectkxi of type tl cotla- 
gen. To detennine whether the cSfiical course of CIA or the 
immune response to type n coNagen could be mocfified. rats 
were injected i.v. with a ^ngle 1*«ng dose of native Bll or CU 
coflagen dissolved in 1 ml of PBS igroups I and If). Control rats 
(groups III tfmxigh IV, respectively received 1 nnl of PBS or 1 
mg of OVA or Bi dbsdved in i ml of PBS. After a 7-day rest, al 
rats were challenged with BliyiFA. The results in Table I show 
that the inddence of arthritis was significantly reduced only in 
rats pr'etreated whh Bll or GIL In group I, only two of 11 rats 
developed CIA after challenge. One rat fiad mBd, transient ar- 
thritis affecting a single hM imb ^4Ai, 3), and the other rat had 
severe arthritts involving 3 imbs (MAI, 11). None of the rats in 
group II given Lv, 0\ developed arthritis after challenge with BU/ 
IFA. Six rats from group I that failed to develop CIA had theb- 
ankles examined histologicdRy for eviderKO of subdnical artfvitis 
and were found to be normal. 

Rats in gropps IV and V pretr^ted with antigens other than 
type n ccOagen were Dot protected, and arthritis developed in 
tx>th groups at a sirmlar inciderx:e, severity, arxl day of onset as 
PBS controls (group III)- Jtyese values for groups tfl-V are 
comparable to those previously reported in rats chaBenged with 
BU/IFA vtrfthout i.v. pretreatntent (3, 4, 9). 

Anti-coUagen antitxxly levels corresponded drectly with the 
preserKe or absence of arthritis. IgM and IgG antibocfies to Bll 
and IgG cross-reactive with homologous Rll were significantly 
depressed in rats pretreated with Bll or Cll (groups I and II). 
Stjppresston <^ antl-BH antitxxty was also examinied tsy titering 
sera obtair>ed 28 days after chaUenge from eight nonarthritic and 
eight arthritic rats ^i^ps I and III. respecttv^). Ibe rats in 
group I had a mean titer of 200 (range < 50 to BOO) vs 51,200 
(range 12,800to 104,800) for tfthritic rats in group til (P< 0.001) 
when titer was defined as the first serum dUution yieldtfig an 
at>sort>ar)oe vakie of < 0.075. Rutfy, the mean anU-BN IgG value 
of nonarthritic rats from group I was compared with that of tf>e 
five nonarttvittc rats from groups III. IV, arxl V arxJ was found to 
be significantly lower (0.047 ± 0.049 vs 0^1 ± 0.089, respec- 
tively, day 28, P < 0.001). The two rats in group I that developed 
arthritis after pretreatment had antibody levels that correlated 
with the severity <rf their arthritis (0.260 and 0.647), OTH re- 
sponses nneasured by skin test reactivity to BU were also sig- 
nificantly depressed tiy i.v. pretreatment with BH (TeJtjUe I). 

IfitravefKHJS pretredirmnt with BH does /lof /n/i/bA immunfy to 
unrelated anUgens. To determine if suppression of Innmunity to 
Bll was spedfic anc^ not due to an inliXxtory or toxic property 
peouGar to type II collagen* six groups of rats were ixetreated 
with Bll or PBS before being sensitized with Bl. OVA or Bit 
(Table 11). The protocol for this stixiy was identicai to the one 
previously descrit)ed except that rats k% group X were challenged 
first with 611 in CFA. 

FVetreatment with BU suppressed immuiity to ortly Bll and 
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TABLE I 









Group 








1 


i 


. « 


w 


V 


Lv. Pratnatment 






roS 




BI 


XDayol onset 


2/11* 
1&0 ± 2.0 


0 


8/10 
13.4 ±0.8 


9/10 

12.4 ± OJ 


B/iO 

12.3 ±0.5 


MAI 

Af IIWDC.nHS 

Fergroup 
IgMtoBldaylG' 

IgGtoMtfayaa 
lgqtoiaiday2e 
OTHtDBKtofdC^ 


7il±4jO 

0.068104^ 
0.028 ±oi»ir 
0.190 ± Qjosr 
O.U4±OJDSy 


0 
0 

HOT 
NO 

ai82±ouHr 

0.130 ±0j045« 
HO 


5.5 

0.363 ±0i^ 
0.241 ±04126 
0.710 ±0j051 
0.710 ±0.090 
1.15 ±0.13 


6.4 ± 1.2 
7^ 

0.487 ±0X)55 
0^4±0i»0 

a7so±oxy7 

0.748 ±Oj076 
NO 


a.1±0.5 
6.5 

0310±0j042 
0.307 ±0j070 
0.660 ±0J087 
0.G64±0J087 
NO 



« Seven dbys betoreLd. Challenge v4m BI/rA. fBti pr^^ 
PBS Lv. Chafcnge b Oescrited in jU«f arU ^ Mt^^ 
*f><0j01v9 groups n-V. 
*P <0.001 %s groupsl»-V. 

. * Anybody was cnoasured ty EUSA and expcessed aa a bsgtance. Values shown are tie mean etwoftence a of fthrttic end non a ftwft te rata h each group ± $£. 
Anttedy lo B8 was not delected In nonnai sera w the sera of cte rab ^ven U. BN 14 d^ 
•Noldone. 

'cmf was meesured by injecting on ear i^. wHh 20 BI and the other witt^ 
of coiMl ear 48 hr wim Ul ln|ectkxu OTH studies were perlomwd on a sa 
PBS beloro chalenge wtth B^/TA. ONy one of 10 BtHirotreatad rab dor^^ 



TABLE I 

SiutOea shaming the s pecffkMycfsuppfmskxiMuceai^ 





o«y-7 


Ctwaonoe 
OiyO Omf-^r 


VKKMnOV Of 

ArMb 


mQ Response to Rt- 
spttcSvo Irnnunogoi^ 


VI 


61 


BI/IFA 


6VFA 


0/8 


1.034±0^ 


VM 


PBS 


BVIFA 


Bt/FA 


(V8 


OS72±04)40 


.VW 


JB* 


OVA/FA 


OVA/FA 


0/6 


0-425 ± OSHV 


OC 


PBS 


OVA/FA 


OVA/TA 


0/6 




X 


Bi 


BtVCPA 


BIVFA 


0/10 


0.036 ±0.008' 


XI 


PBS 


BtVFA 


BiyFA 


6/10 


OJ53±a03G? 



lmmMhteationwiihBt,OVA,orBtllnFA. • 

* Blood oc«eciad 28 days after first chaftenge. y«iiies ere nriean ab^ 
p«rgrot4>±SC. 

*Not sicpMbam vi PBS conttoL 

«P<0LOai,]rM4>XtrsXL 

« IgQcnKHKeacave to RN %vas 0.037 ± 04)08 and a750 ± 0.036 for gnosis X 
and KLi respectively. 

TABLE Id 

Effecf of tlrna irtferva/ berweao ly. cr^/ecf^ 

CM* 



OayofU.lntao- 
Hon ICKafcAO* 

o«ir^ 



IrtddenosolAr- 



IgO Aetponsi^ 
Otr^28 



XI 


6Q 
FBS 


-32 


1/5 
4/6 


NO 
NO 


xa 


Ba 




?/ir 


. 0Ll90±0J05r' 


PBS 


-7 


8/10 


0.710 ±0.061 


xm 


Bll 


-4 


1/10" 


0.040 ±0j012' 


PBS 




8/10 


a717±0j064 


xiv 


Ba 


1-7 


I/IO" 


0L264±0i)6l^ 


BI 


7/10 


0^± 0.120 



*fUttswereti|ectedLv. wimimgof BabelbraoraftardwKengeas sti^^ 
Control rata reoelvad an equal 1-mi voMne of PBS at the same time, exoept Ibr 
groi4> Xiy. wtiich was inje(M Lv. a(l day -1-7 w9h 
ChaSenga was perfonnckl as descft>ed eeffier. NO. not done. 

* Mean atiaorbanoe ± SE. 

* P < 0.01 v$ PBS oontroL 

'P<OiXn MS PBS- or BMn^ed controla. 

had no effect on IgQ responses to ather 61 or OVA. Moreover, 
the stjfppresslon induced t^y i.v. pretreatment with Oil couki not 
t)e overcome t>y using CFA. a more potent immunoadjuvant 

81 was fouTKJ to t)e a potent inrm)urK>gen produdng absort>ance 
values greater than Bll. This finding differs from an earlier report 
in whk:h heterologous chick type t collagen was descrt)ed as a 
poor immunogen in the rat when emulsified with IFA (2). The 
cfscrepancy t>etween that study and oirs may reflect eltf)er 
differences in the sensitivity of hemaggMination and EUSA 
assays for antitxx^ to type 1 coOagen or, altematively . differences 



In tfie immunoger^city of these type I coflagens. 

Importance of Ume Intend b^een Lv. hjectlon of BU and l.d, 
challenge. The Inddenoe of different ir^ection schediJes on the 
course of CIA and inmuntty to Dll is shown in Table Ql. The 
Incidence ol CiA was reduced significantly vvfwn 1 ing of Bit vvas 
given I.V. 32« 7. or 4 days tsefore chaBenge or 7 days after. Anti- 
Bll IgG vvas suppressed in a> groi4>s gn^en &n as conr^Km] vvi^ 
controls gnm PBS <P < 0.001). Arthritis and antSxxjy to Bll 
were ot>served in a few rats (5 of 36) given I.v. Bll t>efore or after 
chafienge. however, the day of onset, severity, and IgG values 
were varfeible. In subsequent stuc^ suppression of CtA and 
antit>ody to Bll has been vHuaRy 100% effectivo siiggesting that 
occasional faaures may have resulted from technical problems. 
(Datanoc shown). 

The course of rats given Lv. Bll 7 days after chafienge (group 
XIV) viras different from tfx)se pretreated with 611. Nine of 1 0 rats 
in group XIV becarpe acutely Pi withki 24 hr of i.v. ir^ection, 
developed proteinuria, and lost weight Cfrica! changes and 
prote&ujrla were not seen in 10 control rats given BI at the same 
dose and tirrie. Tl)e Mdneys of orie rat exatitined histbl^^ 
days after the onset of protdhuria disclosed a mid glkxnerulo- 
nephritis suggesting Injury by BtMmmunoglobulin complexes. 
Immunofluorescence sUxfles. however, were not performed 
CSnical chariges and proteinuria were not found In a grckjp of si^ 
rats given lv. Bll alone or 10 rats given lv. Bll and then 
challenged 7 days later. (Data not shown). Histolog^ examination 
of the iqdneys of sax untreated arthritic rats dtedosed no abnor- 
mafity. 

FvKling that arthritis could be suppressed after challenge, we 
attempted to inhS)it active arthritis. A group of six rats with 
severe arthritis, immwized 32 days earlier with BU/IF/V, was 
chosen lor study. After an bUtial bleecfihg. rats were rested for 2 
days and then given 1 mg of Bll lv.: blood was coQected 2 and 
21 days later, fto detectable cfiange in the severity (rf arthritis 
was noted after collagen ir^ection. AnthBd IgG values for the 
three bleedings were 0.810 ± 0,089, 0.512 ± 0.106. and 0.813 
± 0.137, respectively, incficating only a slight, possftjly transient 
faflinlga 

Proteinuria was not detected in rats given Bll lv. 32 days after 
immur^tion. This finding suggests that the ratio of antigen and 
antibody may determbie the patfiogehicity of Blf4rnfnunoglobufn 
con^xes fom>ed In vfvo. 

Importance of dose and route of ir^ectlon of BIL Suppre^kxi 
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of CIA was dependent on the esnounX o( BU given mvl the route 
of injection as shown in Table IV. Pretreatment was perfomied 
as before except Lv. Injections were given 4 days t»efore cha^ 
lenge. This was done for convenience t)ecause 4- and 7-day 
s<^*^cdute? were quite effective jn suppressing ar- 
thritis and immur^ty toBM. 

Onfy one of 10 rats given 1 mg of Bit i.v. developed Ci^ in 
contrast to eight of 10 controls pretreated with 1 rhi of PBS (P 
< 0.01). Rats pretreated with 0.1 or 0.01 mg of 811 in equal 
volumes of PBS developed arthritis at an inddence and severity 
comparatsle to controls thou^ at later dates oi onset. Rats 
pretreated with 1 mg of Oil s.a also developed arthritis sim9ar 
to controls. 

Sera of nonarthritic rats, pretreated Iv. with 1 mg of Btl, 
contained only traces of IgQ speoTc to Btl as compared with 
PBS-lnjected controls. The one arthritic rat in this gnxjp devel- 
oped an IgG value of 0.677, which was con)parat)le with arthritic 
controls. Seia of rats pretreated with 0.1 or 0.01 mg of Bil 
contained intermediate amounts of IgG suggesting a s6ght in^ 
bition of response consistent with the delayed onset of arthritis. 

Ad/want arthritis is not stressed by pretreatment with Bit. 
To determine if AIA could t>e suppressed t)y i.v. pretreatment 
with Bll and if rats with AIA produce antixxly to Rll. an adcfitionsd 
study was done. Adjuvant arthritis was induced in three groups 
of rats tTy a sarigle i.d. in}ec1k>n of rnycotxKieria suspended in o^ 
Groups one and two each contained 10 rats and received i.v. 
pretreatment with 1 mg of Bll or 1 ml of PBS 4 days tiefore i.d. 
ir^ection with acQuvant. Heterologous Btl was used irvstead of 
homologous Ry t>ecause of Bit's stror^ cross-reactivity with Rll 
and at)fMty to suppress immunity to RIt in rats immunized with 
Bll/IFA and ^^CFA (Tat)les I and U). Moreover, in preiminary 
stucfies. Bit was found to be more effective than RU in inducing 
and s u ppresstf^ arthritis (unput>Sshed observations). Group 
three contemned 26 rats md received no i.v. pretreatrrient beiore 
injection with ac^uvant. Tfie latter group was t>led weekly from 
day 14 ttvough day 35 to provide sera for antftxxly stucfies. 
Severe arthritis developed in aft 46 rats. 

Pretreatment with Btl affected neither the inddence, severity, 
time of onset of AIA, rxx the inciderK:e of ear rxxlules or sporv 
dyitis. cort^Ukred with rats pretreated with PBS (Table V). Fur- 
thermore, ant^RIi 1^ was rx)t detected at a 1/10 cfilution in any 
of the sera assayed by a sensitive EUSA system that readily 
detebted antixxly in mts with CtA. 

Ciearartce oi inirmmofaactive Bii from peripheral blood. Tt>e 
rate sdubized Bit was cleared from the circulation after Iv. 
injection was incSrectty determined tiy EUSA utSzing an antibody 
inhlxtion assay. Two normal rats were given an i.v. injection of 
1 mg of Bll, and venous t3l6od was collected in heparinized 
syringes at regi^ar intervals. 

The upper curve in Figure 1 shows the deararK:e of Bll from 
wt>ole tilood. Two dtstirxrt slopes are apparent, an early one 
lastir)g l)etween 15 and 60 min. which shows rapid clearance; 



and a later one lasting between 2 and 8 hr, vvHch shows a rnore 
gradual clearance of Bit. The lower curve shows the clearance 
of Bll from platelet-free plasma, wTtich was complete with« 2 hr. 
These data imply that Bit present 2 hr after Lv, injection was 
tound to cellular elements. In earfier studtes, perfonned in vitro, 
we found that Bll spontaneously bound to splenocytes and 
erythrocytes (unpublished observation) suggesting that a similar 
process may occur In vivo after lv. injection. 

OtSCUSSlON 

In this report we have shown that solubie riative type II 
coflagen iriduces and suppresses CIA In rats depencfing on the 
mode of its adm'mistration. Rats Immunized Ld. with Bll In IFA 
developed arthritis at an incidence of 70 to 90% end developed 
a strong immune response to type It collagen. When immuniza- 
tion was preceded or folowed shortly by an l v. Inaction of 
sohjble type n coflagen, however, the incidence of arthritis was 
reduced to 0 to 1 8%, and immunity to colagen was signHicandy 
siq^pressed. 

Our data suggest that OA was prevented by the induction of 
immune tolerance. The suppression of immunity was antigen 
specific, dependent on the Lv. route of ir^ecdon, and related to 
the dose of Bll. The antigen-specific nature of suppression was 
shown in two stucfies. First, neither arthritis nor immunity to Bfl 
were suppressed by PBS, Bl. or OVA gwen i.v, before chataige 
witfi Bll/IFA. Conversely, it was ateo found that i.v. pretreatment 
writh BU had no effect on Immunity to Bl or OVA when rats werie 
immunized with Bt/IFA or OVA/IFA. Both studies demonstrate 
a) that the suppression of CIA, ike its induction, is criticafly 
dependent on cdlagen type, and b) that nonspecific mechanisms 
of suppression, i.e., stress (17), and the activation of antigen- 
indep^ident suppressor T-cels (24) or maaophages (25), were 
not triggered by lv. ir^ected collagen. Lastly, we found that 
suppression of a A was not dependent Oh the spedes source of 
type II collagen used for pretreatment. Intravenous ir^ection of 
Bll or CU was effective in suppressing arthritis and antl^Ul IgG 
in rats ctiaDehged with Bll/IFA. TWs data suggests that bovir)e- 
and avian-derived type II coftagens share significant antigenic 
homology with homologous Rll. 

On comparing our results witti previous nxxlels of tolerance. 
the rapid clearing of Bll from the blood after Lv. Injection is in 
sharp contrast with reports that other soluble proteins used as 
tolerogens circulate for weeks after Lv. ir^ection (26). The rapid 
clearance of Bll demonstrates that coOagen need not cvcutefte 
for long periods to Muce or masnt£Bn suppression. 

Our studies on inducing tolerance after inununization are cor>- 
sistent with the wortc of other investigators wIk> examined dif- 
ferent antigens. We found, as (fid Sar^Wppo tfid Scott (26), that 
Immunity could be suppressed in an antigervspedfic manner 
when antigen was ackiMstered Lv. 7 days after imriuffvzatioa 
No si4>pression of arthritis or irrvnunity to BIL however, was 
seen when Lv. ir^ection was delayed 32 days after immunization^ 



TABUE IV 

Oose nsponse of BB, rout« 4)f Infoction, the course of OA* 





OoM ol B> por FUt 


Route 


in i-T rl - — jhJ a 1^ tm'm 

nooonoo of muvmii — 


MA 


1 


MaanOayolOftMtl 

SE 


IgG fl«spansatf Day ZS 


XV 


iJOcng 


Lv, 




3 


as 


35 


0.040 ±o.oir 


XVI 


0.1 mg 


lv. 


7/10 


6.0 ± 0.7 


42 


2S±2.8« 


a4i2±o.on) 


XYU 


0X1 mg 


U. 


9/10 


5.4 ±1.4 


4.7 


20.2 ±1-^ 


0.499 ±0.107 


XVW 


PBS 


tv. 


6/10 


6.8 ±0.6 


5.4 


13.1 ± 1.0 


0.717 ±0.064 


XIX 


lamo 


S-C. 


6/10 


6.2 ±0.9 


a7 


1B.7±43 


HD 



* Rats were infected Lv. with IJO. 0.1. or O.Oi mg of 8H sombfceo m 1 ml of P8a Coatfob vt group XVIU received 1 ml PBS. Rats wera chalenged 4 days later as 
described. NO. fiol dons. 
*P<OJ)lKsgroi4>XVI0. 
«P<0.001 vsgmupXVDl. 
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TABLE V 



PreCrefltmanr M^ft fi/fdbes nor s(i^^ 










ei 


POS 


Non* 


InddenceofAIA 


10/10 


10/10 


26/26 


MAI 


14.7^0.6 


1S.0 ± 0.4 


12.4 ±0.6 


Arthritic irnba/9'VHJp 


39/40 


40/40 


95/104 


Mean day o( onset 


113 ±0.5 


11.1 ±0.3 


11S±0^ 


mcxionooor 








Earhodiies 


10/10 


10/10 


26/26 


Spondyfitbt* 


9/10 


IC/IO 





* Rats in each group received l.v. pr^troaiment with 1 mg o( Bll or 1 ml of PBS 
4 days before Uf. Infe^ioh witti 250 of grourxf myoobacceria suspended m oi. 

* Sporvlyilb %V3s dMned as kypho«k: defonnity of Ihe spkM 
Uki dbtal to tfte site o4 ad$uvarii iri^ectioa 

*NR,no«feoortfed. 




Time <hours) 



ffgun I. Cloeranoe of imrrKnoreacttve Bll Irom peripheral venous blood of a 
normel ret ki^ected Lv. with 1 mg sotubOzed Bfl. Assay for BU was performed by 
measuring tM inNbitory adivfty of tiraiafing Bl agaktst witi-BO IgG in an BJSA 
system. repre sen t the inNbitory ectiyity of wfiole blood; A. the InNbitory acttvity 
of pto tde t-l ree plasnta. 

Other workers have ateo reported difficulty in inducing tolerance 
2 to 4 wk after kmmnizatkx) (27, 28). 

Suppresskm of CIA >Mith type U cotiagef) has t>een reported by 
two other groups. Schoen ef aA (14) found that the hcklence of 
CIA in rats coukJ be reduced, in an antigecvspepTic manner, t>y 
i.v. tr^ectk)n of Ctl^oupled spleen cells. A series four 
reduced anti-CII IgG levels tjy »50% as measured t>y racfioinv 
munoassay. This treatment, however, had no effect on hemag- 
^uftinatkm titers or OTH reactivity to C0. In cofnparison, immu- 
nosuppressk)n irxkiced by i.v. iniectksn of soluble coaagen, whkti 
suppressed antibody and DTH. was greater than that reported 
l>y Schoen ar>d co-workers. Differences t}etween their study and 
ours may be attributable to the form or anxx^ts of collagen 
li^ected. 

Staines ef a/. (18) recently found that CIA and anti-RII IgG 
were S(4>pressed by treating rats with j.v. injectkxis of pig type 
II collagen (lOO/ig/rat) and immune serum (1 mi/rat) given 8 and 
9 days t>efore i.d, chafienge, respectively. Pretreatrr>ent with only 
cbaagen or serum prodiiced a modest suppressive effect, 
wt>ereas tfie combinatkxi was quite effective. Our study also 
showed a modest degree of antttxxiy suppresskxi wt)en 100 ^g 
of type II coQagen were used for pretreatment Although these 
investigators did not study the effects of larger doses of collagen, 
our work shows tfiat at least 1 mg of type II collagen Is r)eeded 
to produce significant suppression. 

The importance of immunity to type II coOagen in the patho- 
genesis of CIA has t>een aitiply demonstrated (1-21). Work from 
this laboratory (2, g) and others (6. 7) tias shown that knmunizlng 



rats with fxxnotogous or heterok>gous type II coOagervs, prepared 
from a variety of species, irKluces arthrftis and imrnunity to 
homologous Rll. The critical importance of anUbody to type II 
conagen in the devek>pmerit of CIA is now dearly estab^hed. 
Morgan et a!. (12) first suggested this by sfK)wing that arthritis 
did not appear ki Bll-immunized rats as lonQ as serum C was 
depleted. This finding and the work of Schoen efaf. (14) Indirectly 
empfiaslzed ttie Importance erf humoral immunity in QA and 
questioned the role of cefl-mediated immuruty (CMI) to collagen 
k\ CtA. Recently, studies from tt^ latxxatory provided dvect 
evidence for an antibody-mediated patfK>genesis of CIA t>y sfiow- 
ing that IgG spedfic for type n coSagen produces arthritis when 
passively transferred to normal recipients (15, 16). 

Several investigators have suggested that autoimmunity to 
co0agen might play a role ki the pathogenesb of AIA (29^). 
Steffen and co-workers were thd first to report that a(j$uvant 
arthritic rats devek)ped weak DTH to denatured pO) and native 
(31) type I collagen. Trentham ei a/. (32) reported CMI to native 
and denatured tKxnc^bgous type I and II colageris in rats with 
AIA. Recently. Hok>scfutz et aL (33) Isolated an effector T ceQ 
tine from a(j|Mvant arthrttk: rats that proGferated strongly to 
mycobacteria and weakly to RIL They found this ceO line effective 
in transferring or vaccinating against AIA. A T cell rme reactive 
only to Rll from rats immunized with RII/IFA was meffedive in 
transfening CIA. Furthenmore, Schoen ef a/. (34) showed that 
sc. tnjectwn of Rll-coupted spleen ceBs induced RII-specifiG CMI 
in rats but neither arthritis antibody to Rll. These fincfings 
and those prevkxisly reported tjy otfters (12. 14) suggest that 
CMI to type il collagen akx>e is not suffkaent to induce arthritis. 
These data, however, do not exdude the inrportanoe of Th ceSs 
in the geriesis of inrwnunity to type II ooOagen. a T-dependent 
antigen, nof the possibiity that CMI may contribute to ^ue 
kijury ortce arthritis is initiated (35). 

Antitiodies to native arxJ denatured type I arxJ II collagens, 
measurwl by hemaggkitination, have been reported in =40% of 
rats with AIA (32). The authors of tfiat report, however, were 
unat>le to condude wfiether antt-coOagen antftxxfies represented 
a primary or secondary event In contrast to CIA, in whfch 
antibocfies levels are high, appear t>efore ttie onset of arthritis, 
and react primarily to type II coOagen, antftxxfy titers described 
in AIA were frequently low, eppeared after the onset of arthritis, 
and reacted wel to type I arxJ II collagens. These data suggest 
to us that immurtlty to collagen in adjuvant cfisease represents a 
secondary response produced by Ir^ury of artk:ular tissues or 
granukima fonhation. In our studies, we were not able to detect 
anttxxty to type If coBagen in severe AIA by using a senslttve 
EUSA system. 

Ottier reports provkle data suggesting that CIA and AIA have 
dis^milar primary pathogenetic mechanisms. We first suggested 
trvs possibility v4)en vve found that type 11 colagen tacked acgu- 
vant activity (36). a property intimate^ associated with the abiity 
of natiral (37) and synthetic substances to induce adjuvant 
arthritis (38, 39). Our work has been since oonflnmed by fizuka 
and Cheung (40). Furthermore, these tfivestigators showed ttiat 
AIA coiid be suppressed by pretreatment with a sut>arthrit09ervc 
dose of mycot>acteria given s.a txifore invmirvzation with adju- 
vant whereas tfie same procedure f^ad no effect on CtA. Data 
presented here show, conversely, that i.v. pretreatment with Bll 
suppressed CIA and immunity to Bll and Rn txit had no sup- 
pressive effect on AIA. This observation and the at>sence of anti- 
Rll IgG in adjuvant arthritis further support the conduskxi that 
immunity to type II collagen is not central to the pathogenesis of 
AIA. 

In conckjsion, studies reported here show that a A in rats »>d 
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immunity to type II colagen can t>e suppressed in an antigerv 
spedfic nnanner t)y Lv. injection of native type II coQagea Wis 
data further supports the hypothesis that OA is nie<£ated t>y 
immunity to type II collagen. Furthemxra. attempts to suppress 
At A t>y I.V. injection of coQagen and to demonstrate anU-coOagen 
antilx>dy in AIA Wiere nbt successful. These findings suggest that 
OA and AIA, despite some phenotypic simaarities. are distinct 
entities mecfiated by different primary pathogenic mecfiahisms. 
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T cells are known to recognize antigen in the form of 
peptides bound to major histocompatibility complex 
(MHC>-encoded dass II molecules (Babbit et at. 1985; 
Schwartz et al. 1985; Buus et al. 1987; Guillet et al. 
1987). Experiments with M HC-encoded dass II mole- 
cules in planar membranes show that the binding of the 
T-cdl lieceptor (TCR) to the peptide/KfHC complex 
may not be sufficient for activation of the responding T 
odls (Quill and Schwartz 1987). One signal to the T 
ceUs is the binding of the TCR/CD3 complex to the 
antigen/MHC. As proposed by Bretscher and Cohn 
(1970), lyniphocytes may be tolerized unless they sec a 
second signal. This second signal for T cells cdn be 
provided in prindple by the antigen-presenting cell 
(APC), either through the secretion of soluble cyto- 
kines or by the interaction of molecules on the APC 
and T-celi surface. To test this hypothesis, we exposed 
mice to peptides containing known T-cell epitopes 
without adjuvant in order to expose the T cdls only to 
the first (TCR) signal. 

The biological relevance of the existence of various 
APC types such as macrophages, B cells, and dendritic 
cells in vivo is still undear. As mentioned above, the 
second signal necessary for the activation of T cells may 
be provided by APGs (Quill and Schwartz 1987). It is 
also possible that different types of APCs may provide 
different second signals and may thus affect the quan- 
titative and qualitative outcome of immune responses. 
In this paper, the responding T cells from mice immu- 
nized with the amirio*terminal fragment of A repressor cl 
1-102 using different immunization protocols are 
characterized with respect to the distribution of T-cell 
epitopes recognized, as well as their functional 
phenotypes upon presentation of T*cell epitopes by 
different APGs in vitro. 

The protein context of a peptidic T-cell epitope also 
influences the T-cell response spedfic for that epitope 
(Shastri et al. 1986). Thus, the immune response to a 
T-cell epitope may be hidden when it is covalently 
linked to another T-cell epitope. This can be due, for 
example, to competition between epitopes for binding 
to the MHC peptide-binding site (Guillet etal. 1987). 
Antigen processing can also explain differential expres- 
sion of epitopes, depending on the context. Thus, 
neighboring or distal residues could influence process- 
ing so that a particular T-cell epitope is unavailable to 
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bind MHC. We compare the activity of an ovalbumin- 
derived peptide epitope that is suppressed when cova- 
lently linked to an epitope of greater immunpgenidty in 
an antigenic and tolerogenic system. 

MATERIALS AND METHODS 

Aiumals. Strains BALB/cByJ, CS7BL/6 mice were 
obtained from Jackson Laboratories, Bar Harbor, 
Maine. 

Cell cultures and assay conditions. All cultures and 
assays were performed according to established proce- 
dures (Lai et al. 1987). 

Antigens. Bacteriophage A repressor cl protein frag- 
ment pl-102 and synthetic peptides were prepared as 
described previously (Lai et al. 1987). pl2-26'*'* is 
residues 12-26 of cl with asparagine substituted for 
aspartic add at position 14. 

CeU Unts. BW5147.G.4.0au*.l(a-,^-) was a gift 
from W. Borne. A20.2J (I-A^. I-E*") was a gift from J. 
Kappler and P. Marrack. CTLL.2 was a gift from D. 
Raulet. Cr.4S (Hu-U et al. 1989) and llBll (anti*IL- 
4) (Ohara and Paul 1985) were a gift from W. Paul. 
S4.B6 (anti-IL-2) was a gift fromT. Mosmann. Qass II 
MHC L<cll transfectants RT 2.3.3H (I-A**) and RT 
10.3H2 (I-E**) were a gift from R. Germain. 

Antibodies, Monoclonal antibodies were produced 
by harvesting cell supernatants from B-cell hybrid- 
omas. Supernatants were centrifuged and stcrfle fil- 
tered to remove any residual cells. IIBU supernatant 
was used at 10%, and S4B6 supernatant was used at 
50%. 

Antisera, BALB/c mice were tolerized by injection 
of pl2-26 i.v. in saline, or saline alone as a control. 
They were immunized 10 days after the first tolerization 
with pl2-26 i.p. (50 Mg emulsified in complete Freund's 
adjuvant [CPA]). Mice received a booster immuniza- 
tion 14 days after the primary injection of pl2-26 i.p. 
(50 fig' emulsified in incomplete Freund*s adjuvant 
[IFA]). Mice were bled 7 days after the first immuniza- 
tion and 8 days after the booster immunization (data 
shown). Antibodies were measin-ed by enzyme-linked 
immunosorbent assay (ELISA) (Good et al. 1988). 
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Ju^n of T^ceU hjhridopuu. Mice were immu. 

iu«d cither sx. at the base of the tail and in both thighs 
or i.p with lOp i^g of bacteriophage A repressor pI-lQ2 
|i» either CFA. IFA. or alum. After 7 days, draining 
lymph nodes were removed from mice with s.c. im- 
munizations, and spleen cells weie removed from those 
' f - Celb were stimulated in vitro 

Z . '•y*'"* prepared according to 
established procedures (Gefter et al. 1977). 

All the T-ceU hybridoinas reported here have been 
suMoned at once by limiting dUution method 
(Walker et al. 1982). 9C127 and lEl are hybridomas 

TovM3l%': : ' ^^"^ 

T0kjaion iff aduh mice. Mice 4-8 weeks old were 
inje^ed i.v. in the tail vein with 300 Mg of deaggregated 
peptide dissolved in 100 /tl of saline on day 0. After 5 
days another 300 Mg of peptide was injected i.v. On 
10. the mice were immunized s,c. with peptide in 
CFA as described above. y^v»^ m 

^y^VhoUne cssayx. IL-2 assays were performfcd as 
ticscnbed previously (Lai et al. 1987). Assay for 1^4 
perfonned using the Il^pcndent cell line 
t.1 45. according to the method of Hu-U et al (1989) 
with the sUght modification that tritium incorporation 
in DNA was measured 6 hours after die addition of 1 
ma of tntiated thymidine. 

Lymphocyu proliferation ais,^. T-lymphocyte pro- 
hfcrat^n assays were performed according to methods 
described by Lai et al. (1987). 

RESULTS 

We have previously shown that Uie T-ceU response in 
BALB/c mice to the amino-lerminal fragment of A 
repressor (pl-102) is predominantly directed to a syn- 
theac peptide (pl2-26) containing residues 12-26 
(Gudlet et al. 1987; Roy et al. 1989). Proliferation of 
pl-102-.mmun.zed T cells is equwalent in response to 
«U»er pl.102 or pl2-26, and over 90% of BALB/c- 

P12-26. In addition. pl2-26 can serve to recruit help 
since immunization of mice with pl2-26 produces anti- 
plZ-26 antibodies (Roy el al. 1989). When BALB/c 
inice are exposed to pl2-26 by intravenous injection, 
they become unresponsive to later immunization with 
plz-26 S.C. in CFA. The same is true for pl2-26'*" a 

rdated peptide Uiat, cross-reacts with pl2-26 (Fig i) 
Tlie tolenzation procedure decreases lymphocyte pro^ 
hferation (iMg. la) and almost eliminates IL-22cretion 
(^lg. lb) of draimng lymph node cells. The effect is 
epitope-spedfic. since i.v. injection of saline alone or of 
unrelated ijeptides has no effect. In addition, C57BL/6 
mice can be tolerized to their immunodominant epitope 
P^^?«.<*"« ^hown). This tolerSatto^ 
protocol also eliminates T-cell help, since treated mice 
can no longer produce antibodies to pl2-26 (Table 1). 
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(6) IL-2 sccrcuon as n,eas«red by proliferation of dlXcS. 

The reduced response cannot be due to a sudden high 
wnoen^uon of soluble antigen inactivating T celk 
since the same tolenzation effect can be seen wbS 
^gcn«.„ject«Ii.p. in IFA 10 days before im^JZ! 
tion (data not shown). ^ 

2»^i xtl^r « ^'^ks (Table 

of Tr. " '""""y to only 

20%^of tiiat of immunized mice, whereas the IL-2 

^arthV^^r" Aft" 
« days, tiie IL-2 secretion of tolerized T cells seems to 

have increased to 15% of that of control T eel s X.^ 

a'L': '.."^ °' '^'^ ""^^ reduced^;S«- 

ation. Studies are continuing to investigate fuiiher the 
duration of the T^ell m>nresponsivenis. 

ofl^i, ^ to ""^ inactivation 

of antigen-speafic Tcells or the induction of suppressor 

Table I. Antibody Response lo pl2-26 



Mouse 


(/«g/nil) 


Immunized 


Toicrizcd 
Tolcrizcd 
Tolcrizcd 
Tolcrizcd 


<2 
3 
3 
3 


19 
12 
15 

5 


Cdntrol 
Control 
Control 
Control 


2 
4 
2 
3 


528 
378 
99 
363 
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tmble 2. Pcfststence of 
Effects 



Tolerization 



Day 

inununized 




%ofControl 


IL-2 


proUfcncion 


I 


3.2 


19, 19 


5 


1,2 


28,38 


9 


6,20 


14,39 


41 


11,17 


17, 103 



. BAL3/C maoe were i.v. toterized on day -S 
and day 0 pl2-26. Mice were kninunizcd at 
various tiroes thereafter and tested for specific 
proliferatioQ and lL-2 secretion 7 days later. 



T cclb. To test the latter possibility, mixtures of lym- 
phocytes from tolerized and nontolerized mice were 
compared with mixtures of lymphocytes from nonim- 
munized and nontolerized mice. It b expected that if 
tolerization were due to the induction of suppressor T 
cells, then the suppressor T cells present in tolerized 
mice should suppress the response of immunized T 
cells, whereas mixing with noninmiunized T cells 
should have no effect. As seen in Figure 2, the prolifer- . 
ation of immunized cells mixed with tolerized cells was 
the same as that of immunized celb mixed with nonim- 
mune cells. If anything, the response was a bit higher, 
as could be expected, because tolerized cells still prolif- 
erate at 20% of the control level. Furthermore, the 
proliferation dearly rises as more immunized cells are 
added, until, with 99% control immunized cells and 
only 1% tolerized or nonimmuntzed cells, the response 
is normal. The same result was obtained with IL-2 
secretion (data not shown). 

We theii investigated the immune response to a 
molecule in which two T-ccll epitopes were combined. 
The two epitopes chosen were residues 12-26 (pl2-26) 
of A repressor and residues 325-336 (OVA-D) of egg 
ovalbumin, with valine residue 327 changed to aspartic 
add to reduce binding to I-A** (Scttc ct al. 1987). Both 
epitopes are IrA**-reslricted, and pl2-26 and ova325- 
336 are immunodominant in their respective proteins 
when injected into BALB/c mice (Guillet el al. 1987; 
Sh'unonke^tz et al. 1987). We synthesized a long joint 



peptide, 12-26-GPG-OVA-D. containing pl2-26 linked 
to OVA-D by a glydne-proline-glydne bridge (sec 
Table 3). T cells from BALB/c mice immunized with 
OVA-D proliferate and secrete IL-2 when stimulated in 
vitro with OVA-D. Similarly. T cells from mice immu- 
nized with pl2-26 proliferate and secrete IL-2 in re- 
sponse to cither pi 2-26 or the joint peptide (Fig, 3a). In 
contrast, lymphocytes from mice immunized with the 
long peptide respond in vitro to the long peptide and to 
pl2-26, but not to OVA-D (Fig. 3e). Thus, the OVA-D 
epitope is hidden when present within the joint pep- 
tide. The basis for this result could be easily explained 
by competition between the two epitopes for binding to 
MHC-encoded dass 11 molecules and perhaps also to a 
third epitope created at the junction of the two fused 
epitopes. This epitope suppression is not due to the 
inability of B ALB/c-presenting cellsgio present OVA-D 
from within the long peptide, since the long peptide 
stimulates the ova325-336-restricted T-cell hybridoma 
3D054.8 when presented on I-A''-transfected L cells 
(Fig. 4a). l-A^'-transfected L cells (Fig. 4b) and fixed or 
live H.2^ A20 cells (Fig. 4c) can also present the joint 
peptide to pl2-26-spedfic hybridomas 9C127(I-A^- 
restricted) and lEl (I-E*'-rcstricted). Thus, processing 
of the joint peptide is not required, at least for pre- 
sentation of the pl2-26 epitope in vitro. 

Mice immunized with pl2-26. which 10 days earlier 
had been tolerized by i.p. injection with either pl2-26 
(Fig. 3b) or the joint peptide (Fig. 3d) in IFA, have 
diminished responses, whereas mice given saline or 
OVA-D-tolerized mice proliferate normally in response 
to either pl2-26 or the joint peptide (Fig. 3a,c). Simi- 
larly, mice immunized with the joint peptide that were 
previously tolerized with the joint peptide cannot re- 
spond to either pl2-26 or the joint peptide (Fig, 3h), 
and those tolerized to pl2-26 cannqt respond to pl2-26 
(Fig. 3f) but can respond to a lesser extent to the joint 
peptide, possibly because T cells specific for the junc- 
tion were not tolerized. Control mice tolerized to OVA- 
D (Fig. 3g) or not tolerized (Fig. 3c) respond to both 
pI2-26 and the joint peptide. Mice immunized with 
OVA-D that were previously tolerized with OVA-D 
cannot respond to OVA-D or the joint peptide (Fig. 



Rgure 2, Proliferation of lymphocytes from 
mkc immunized with pl2-26. Lymphocytes 
from cbntrol mice were mixed with various per- 
centages of lymphocytes from either tolerized 
mice (O) or nonimmunizcd mice (•). 



40t 



30 



[20 



% Tolerized or Noriimmune cells 
80 50 20 5 



Ql 

o 




10 



0 1 100 




Toleriied 
12-26 



^) Tolerized 
OVA(D) 



0.1 1 10 ] 




^)Tolerl2e<l 



0.1 




10 too 



Tolerized 
PBS 



/ 




f) 



/ 



1 10 100 



Tolerized 
12-26 



g) 



h), 



Tolerized * '^Tolerized 
OVA(D) 12-26-CPC-OVA(D) 



/ 



u 

/ 



0.1 



0.1 



10 100 




iOO 0.1 1 ,0 100 



Tolerized 

k) 

Tolerized 

OVA(D) t2-26-CI»C.0VA(D) 




500 



) 



^<4NTROL OF THE IMMUNE RESPONSEc ^f PEPTIDES 

" Table X Scqucooes of Pept ides Used 

P12-26^ LEDARRLKA I YEKKK " 

P12-26^'* LENARRLKAIYEKKK 

OVA-D QADHAAHAEINE 

Joint peptide L ED ARR L K A I YE KK KG P GQADHA AHAE INE 



501 



3j), but mice that were tolcrized with pl2-26 do re- 
spond (Fig. 3i). However, mice tolcrized with the joint 
peptide and immunized with OVA-D still respond to 
both OVA-D and the joint pepUdc (Fig. 3k). Thus, the 
OVA-D epitope is hidden within the joint peptide dur- 
ing tolerization as well as immunization. It appears that 
tolerization to T-ccU epitopes occurs when sudi epi- 
topes arc presented by APCs but in the absence of a 
"second signal." 

The mode of immunization is known to influence the 
immune response (Warren et al. 1986). For the pur- 
poses of this study, we may ask what, types of second 
signals promote what types of immune re^nses. T- 
ccU hybridomas were prepared from DALB/c mice 
immunized with pMOZ in CFA s.c.. CFA Lp.. IFA 
s,c., IFA i.p., and alum i.p. They were originally 
screened by measuring IL-2 secretion, as tested for by 
the ability to sustain growth of the IL-2-dependent cell 
line CTLL. Previous studies (Roy et al. 1989) have 
shown that pl2-26 is the immunodominant epitope in 
BALB/c mice immunized with pl-lQ2 in CFA s.c As 
shown in Table 4, pl2-26 was also inununodominant in 
immunized mice using the five different protocols of 
immunization. About 90% oif all pl-lQ2-specific hy- 
brids respond to pl2.26. In addition, about half of the 
non-pl2-26 hybrids were found to respond to a second 
pM02 pepUde, p46^2. 

The p46r62- and pl2-26-spedfic hybrids were further 
diaracterized with respect to their production of IL-4, 
using the IL-4^ependent clone CT.4S as indicator 
cells. Interestingly, over 50% of the p46-62-specific 
hybridomas produced IL-4 upon stimulation by B cells 
(A20) as APCs (Table 5). In contrast, less than 5% of 
the pl2-26-spedfic hybridomas produced IL-4. A rep- 
resentaUve pl2-26-specific hybridoma. 1PA12-1, pro- 
duccd IL-2 when given pl2-26 presented on either the 
B ceU A20 or I-A^'-transfdcted L cells (Fig. 5a,b). The 
CTLL response was inhibitable by anti-IL-2 antibody. 
In contrast, there was no response when the supema- 
tants were tested on CT.4S cells (Fig. 5c,d). Thus, T 



cells that recognize p46^2 often secrete IL^, whereas 
those that recognize pl2.26 rarely do. It is possible that 
this observation is due to presentation by distinct sub- 
sets of APCs that may direct responding T cells to 
express different functional phenotypes. We propose 
that APCs that can process pl-102 to give rise to p46h62 
leading to IL^ production are a subset of APCs distinct 
from those that process pM02 primarily to pl2-26. 
Evidence supportive of this possibility was obtained by 
comparing the ability of B cells (A20) and I-A^mans- 
fected L cells to stimulate IL-4 production from the 
identilied hybridomas. A representative p46-62-spectfic 
hybridoma, 1SI461-1.1, produces Hr2 wiien A20 cells 
are used as APCs, as shown by a CTLL response that is 
inhibitable by anti-IL-2 and not by anti-IL-4 (Fig. 6a). 
IL-4 production was also observed by stimulation of 
Cr.4S, which is inhibited by anti-IL4 and not by anti- 
IL-2 (Fig. 6c), The small decrease in the CT.4S re- 
sponse in the presence of anli-IL-2 may be due to a 
synergistic effect of IL-2 on IL^ sccreUon on Cr.4S 
stimulation (Hu-U et al. 1989), as well as to the non- 
specific toxicity of the antibody culture supernatant 
used. When I-A**-transfected L cells are used to present 
p46^2, production of IL-2 but not .IL-4 b observed 
(Fig. 6b,d). No hybrid tested has been able to secrete 
significant amounU of IL-4 when I-A^'-transfccted L 
celk were used as APC. This is not due simply to a 
dose-response shift of the L cells as compared to A20 
cells. The dose response of using L cells shifts 3-fold for 
the IL-2 response (Fig. 6a,b), whereas there is no IL-4 
response while using L cells even at 32 mm of p46^2, 
32-fold more antigen than required with A20 cells (Fig. 
6c,d). 

DISCUSSION 

One known mechanism of thymic tolerance depends 
on the deletion of thymic T cells reactive to self- 
peptides bound to MHC-encoded molecules of thymic 
APCs (Kapplcr el aL 1987; Kisiclow et al, 1988). This 



Figure 4. Hybridoma response to in vitro stimu- 
lation with peptides. Open symbols arc live 
APCs. and filled symbols arc fUcd APCs. {a) 
3D054.8 T-ccll hybridoma and I-A^-iransfcctcd 
L cells; (O) OVA, (A) joint p^tide. (□) OVA- 
D. (b) 9C127 TocW hybridoma and I-A^-trans- 
fcctcd L cells; (A) join! peptide. (□) pl2-26, (c) 
lEl T<ell hybridoma and A20 cells; (O, •) 
pl-102, (A, ▲) joint peptide, (O, ■) pl2-26. 
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Tabic 4. E^topcs of BALB/c Hyfaridonias Immunized with cl pl^lQ2 

Nombcf o f hybrids 

"~ li-26-tc«ed 
P^"^ 12-26^ with peptides 46-^ + 



436 
252 
134 
413 
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mecfaanisin can only delete those T cells that leact to 
self-proteins that are expressed or travel to the fetal 
thymus. Expression in the fetal thymus of eveiy self-T- 
cell epitope found in every protein in the organism 
would be extremely difficult. Even if tolerance is 
needed only for those proteins that are accessible to the 
immune system, and assuming efficient transport of all 
proteins to the fetal thymus, many proteins are only 
eiqpr^^ssed after birth or later. T cells reactive to pro- 
teins expressed late in development would be able to 
leave the thymus and initiate autoinunune disease later 
in life. The fact that this does not occur argues for some 
sort of peripheral, continuing tolerance medianism. 
We have found evidence for such a mechanism in that, 
l>y exposing a mouse to a T-ccll cpit<^ i.v. in satine or 
i.p. in IFA, the mouse later has a drastically diminished 
T-ccU response to the same epitope when administered 
later using CFA as the adjuvant. This reduction or 
tolerance is epitope-specilic, lasts for at least 6 weeks, 
and is not due to the induction of suppressor T cells. It 
also completely inhibiu the antibody response to the 
epitope, presumably by blocking T-ceU help. 

We prc^Tose that the immune system in its resting 
^te, i.e., unstimulated by an infectious agent or gross 
tissue damage, is normally in a tolerxigenic state. All T 
cells that see antigen in that state are turned off either 
by clonal deletion or by clonal anergy. Only when the 
immune system is turned on by frank infection, by such 



Tables. 


IL-4-producing BALfi/c Hybridomas horn Mice 
Immunized with cl pl-lQ2 


lmn>un«T>f»>« dumber of I^4>(>dudog doi^ 


protocol 


pt2-26 


p46-€2 


Aluin i.p. 

CFAi.p. 

GFAS.C, 

IFAi.p. 
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0/11 
0/20 
1/16 
2/30 
1/15 


4/7 
2/4 
not recovered 
4/11 
5/5 


Total 


4/92 
(4.3%) 


15/27 
. (55.6%) 



agenU as the bacterial anUgens and mitogens found in 
the mycobacteria, or by the presence of sbltible cyto- 
nncs. are T cells able to respond by ptoiiferating 
secreting IL-2. and helping B cells. Furthermore, all of 
the T-cell epitopes we have tested that are capable of 
diating an immune response are just those epitopes 
that can also serve to induce tolerance. Thus, it would 
appear that epitopes processed and presented in the 
absence of a second signal lead to tolerance. The obser- 
vations presented here readily explain the classic low 
zone tolerance to soluble proteins. 

Results from the present study deariy demonstrate a 
regulatoiy effect of competing epitopes present within 
the same peptide upon the immune response. Thus a 
majority of tiie T-cell response to the joint peptide* is 
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directed toward the more iininunogciuc epitope (12- 
26), leading to an afq>arent suppression of the response 
to the less iminunogenic epitope (OVA-D). It is also 
dear that conlpetition occurs between T-cell epitopes 
during the induction of tolerance. Again, the more 
iminunogenic epitope (12-26) is tolerized, and the less 
immunogenic epitope (OVA-D) is ignored. The TH:eU 
reqxMise to the less immunogenic epitope can be elic- 
ited readily in mice tolerized with the j<Hnt peptide. 
Therefore, the processing mechanisms of APCs inducr 
ing immunity and those inducing tolerance seem to be 
the same, and the less immunogenic epitopes, sudi as 
OVA-D within the joint peptide 12-26-GPG-OVA-D, 
are hidden for l>oth immunization and tolerization. 

Many different cell types such as B cells, mac- 
rophages, andidendritic cells can serve in vitro as APCs 
(Chesnut and Grey 1981; Ziegler and Unanue 1981; 
Sunshine et al. 1983). The involvement of the different 
APCs used in an immune response in yivo are un- 
kiMwn. However, activation of T cells by the different 
APCs may vary t>ecause of differences in their endo- 
cytic and processing properties (Guidos et al. 1984). 
Thus, the immune response may be modulated by the 
involvement of different types of APCs dtuing the 
activation of T cells. In addition, the type of adjuvant 
and the route of immunization may have selective ef- 
fects on the APCs used in the immune response. In our 
study, we observed ho significant difference in the T- 
cell response induced in BALB/c mice imniunized with 
A repressor pl-lQ2 using different combinations of ad- 
juvants and routes of immunization. However, over 
50% of T-ccll hybridomas specific for p46-62 secreted 
IL-4, whereas less than 5% of hybridomas specific for 
pl2-26 did. The fact that all IL-4-produdng hybrids 
also secrete IL-2 may be attributable to the fusion 
partner, BW5147, which has been shown to be capable 
of IL>2 production (Hagiwara et al. 1988) or, more 
likely, to the fact that the hybrids were initially 
screened for their abilities to secrete IL-2. We propose 
the existence of at least two different types of APCs 
that have different antigen-processing mechanisms to 



explain these results. One type of APC processes pl- 
102 in such a way that both epitopes 12*26 and 46-62 are 
presented, with epitq>9 12-26 being dominant. T cells 
activated by these APCs produce only 11^2, phenotyin- 
cally similar to T-helper type 1 (Ti^l) cells. The other 
type of APC processes pl-lQ2 in sudi a way that the 
46^ epitope predominates. T cells activated by this 
type of APC often secrete IL-4, phenotyfMcally similar 
to T„2 eells. An alternate explanation is that a single 
type of APC may be differentially activated to alter 
both its processing activity, i.e., to produce and present 
different epitopes, and its concomitant different second 
signals that alter the activation of responding T cells in 
such a way that their lymphokine production and thus 
their effect on the qualitative nature of the antibody 
response is altered. These possibilities are ctirrently 
being explored. 
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Commumcaitd by Michael HeideWer^er^ June 16, 1986 

ABSTRACT Although oral admfailstration of protdn an- 
dgens Biay lead to specific itnmanologic uarcspooslveiiess, thb 
method of hnmunoregulation has not heen applied to models of 
autoimmane disease. Type D collagen-induced arthritis b an 
•nimal model ofpoijartliritis induced in susceptible mice and 
rats bj inununizaficHi with tjpe n cobagenv a ni^or compoaent 
of cartilage. Intragastric administration of soluble type II 
collagen, prior to immunization with tjpe U collagen In 
acUurant, suppresses the Incidence of collagen-hiduced arthri- 
tis. Administration of denatured type 11 collagen has no 
obsenrable effect on the Incidence or severity of the disease. The 
overaO magnitude of the antibody response is not significantly 
reduced in cbllagen-fed mice as compared to c6ntrt>b. WhUe 
the isotype distribution of the anti-collagen antibodies is similar ^ 
in the two groups, there is a tendency toward reduced IgGl 
responses In the collagen-fed mice. 

TVpc n collagen-induced arthritis (CIA) is an animal model 
of pcdyarthritts induced in susceptible mice and rats by 
tmmunizatton with type II coUagcn (1. 2). Type II coUagen is 
the maj^ matrix protein of hyaline cartilage. The similarity 
of the histopatholpgic changes observed in CIA to those seen 
m human rheumatoid arthritis has centered interest on the 
contributidh of collagen autoimmunity to the pathogenesis (rf 
ibc humian disease. Although humoral and cellular immunity 
to type n collagen have been shown in CIA, the precise 
contribution of each to the <levdopinent of disease has not 
been established. While T ceUs have been shown to recognize 
undenatered and denatured type II collagen (3), the humoral 
fc^nse is restricted to the uhdenatured, nonrepeating 
helical antigenic determinants of the coUagen molecule C3. 4). 
Development of disease after immunization with type II 
coUagen in mice is restricted by the major histocompatabflity 
type (5). Although many mouse strains produce a vigorous 
humoral imtnune response to type II cpUagen, only mice of 
the H.2*' haplotype develop arthritis. The induction of acute 
manifestations of CIA by the transfer of anti-type II collagen 
antibodies Oiereaaer referred to as anti-coUagcn antibodies) 
from arthritic to normal mice emphasizes the critical role of 
viU-collagen antibodies in the pathogenesis of CIA (6). 

Several attempts to modulate the disease have led to 
utigen-specific suppression of collagen immunity and de- 
creased incidence of arthritis. Induction of arthritis is sup- 
Passed by prior i,v, iiyection of type II collagen-coupled 
«plcen cells (7). In rats, spleen cells from donors receiving 
lypc II collagen-coupled rat erythrocytes transfer antigen- 
^ific suppression, of CIA (8). Intravenous administration 
otsduble type II collagen suppresses induction of arthritis in 
rats and mice when given before primary immunization 



(9-11) or during the afferent phase of disease induction, 7-10 
days after primary immunization (12). 

Oral prcsentotionofantigen is the eariiest recorxled method 
for experimentally inducing specific antigenic unresponsive- 
ness (13, 14). This route of antigen administration can lead to 
unmunity or tolerance, depending on the dose, number of 
feedings, and the form of antigen used (15), T-dependent, but 
not T-independent, antigens can lead to the induction qioait 
tolerance (16), and the iinmiune response to collagen is T 
. . ( ♦ ) studjes 

reported here show that 
mtragastnc administration of soluble type II collagen sup- 
presses the induction of CIA in mice. It is, therefore, possible 
to suppress an experimental autoimmune disease by orally 
mduced unresponsiveness. 

MATERIALS AND METHODS 
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Antigens and Immunizations. DBA/1 Lac J male mice were 
purchased from The Jackson Laboratories and immunized at 
age 8-14 weeks. Type U coUagen was solubiiized from fetal 
bovme articular cartilage by limited proteolysis witii pepsin, 
essentially according to the technique of Trentham ei aL (1). 
CoUagen purity was assessed by analysis of amino adds by 
Genetic Design (Watcrtown. MA) and by NaDodSO^/PAGE 
(19). Type II coUagen was dissolved in 0.01 M acetic acid at 
4*C prior to use. Denatured type II coUagen was prepared by 
incubation at 56*0 for 45 min. Intragastric feedings (0,5 ml) 
were administered with a baU-tipped feeding needle. Control 
animals were fed 0.01 M acetic acid (0.5 ml). Mice were 
umnunized parenteraUy by intradermal iiyection of 300 ^ of 
type II coUagen emulsified in Freund's adjuvant containing 
heat-kUled mycobacteria at 4 mg/ml (strains C, DT, and PN; 
Mmistry of Agriculture* Fisheries and Food, Weybridge 
Surrey , England). Mice were boosted wiUi 100 /ig of type II 
coUagen i.p, on day 21. 

Assessment of Arthritis. Mice were observed two or three 
times each week for presence of distal joint sweUing and 
erythema. SwelUng was quantitated by measuring Uiickness 
of foot and width of ankle with a constant tension caliper 
(Dyer, Lancaster, PA), A mouse was considered arthritic 
when sweUing and erythema were observed on consecutive 
measurement dates in at least one paw. In addition, clinical 
severity of arthritis was assessed by creation of an arthritic 
index. Each Hmb was subjectively graded on a scale of 0-3 
(0, absence of arthritis; 1, mild sweUing and eryUiema; 2, 
swelhng and erythema of both tarsus and ankle; 3, ankylosis 
and bony deformity). A maximum arthritic index (MAI) was 
obtained for each mouse by summing the greatest score 
recorded for each limb (0, no disease; 12. highest possible 

Abbreviations: CIA. collagen-induced arthrilis: MAI, maximuni 
arthntic mdex, - — 
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^^^^^t '^'^ mice in the group 

^. leasuh^iDcnt «f Antl-^^ to type 11 

'ci^iageQ in immune sera were measured by ELISA (21). To 
. 'bbtain /ig/ml values of anti-coUagen antibodies erf each 
iisotype, a mouse immunoglobulin reference serum (Miles 
Scientific, NapervilleJL) containing known amounts of each 
isotype was used as a standard (22). A mouse anti-coUagcn 
staiulard inuhunoglpbulin preparation was purified from the 
sera of arthritic mice on a type 11 coUagen-Sepharose coliumi 
0). Immulon 2 plates (Dynatedi, Alexandria, VA) coated 
with rabbit anti-mdute immunoglobulin at 100 fig/ml in 0.016 
M boric ackf/O.lS M NaQ, pH 8, were blocked with the same 
buffer ccHitaining 2% (vol/vol) horse senmi. The plates were 
• washed and incubated with serial dOutions of affinity purified 
mcmse anti*collagen and reference senim. The assay .was 
developed by the addition of peroxidase-coiOugated nirtitt 
anti-mouse IgGl, IgG2a, IgG2b. IgG3, IgA, or IgM (Miles 
Scientiiic)« and the substrate ABTS [2,2'-azino-bis(3* 
. eth]^benzothiazolinfe-6-sulfonic acid), Zymed Laboratmes^ 
South San Francisco. CA], The cross reactivity of these sera 
was tested with purified mouse myeloma subclass pioteins 
(littCHi fiionetics, Organon Teknica, Charieston, SC) and 
found to be <10%. Absoibances at 405 nm were detennioed 
with a vertical beam spectrophotometer (Artek Systems, 
Farmingdale, NY);. The absorbance values obtained ytcic 
used to construct a standard curve for each isotype using a 
cc^puter prp^am that does a least squares fit correlating 
absorbance with, concentration. Curves were generated 
through a third-order equation in which absorbance is the 
indepeiKlent variable and, after subtracting background, the 
mtercept is assumed to be zero. The /ig/ml values obtained 
for anti-collagen antibodies of each isotype in the affinity- 
purified mouse anti-coUageo standard wete then used to 
cre^e standard curves with type II coUagen-coated plates. 
AiitFcoUageQ antibodies of each isotype in inunune sera were 
quantitated by titration on type II collagen-coated plates 
developed with the rabbit anti-mouse isotyping reagenU 
described above.' ' 

Anti-cdlagen antibodies .in immune sera were also mea- 
sured by solid-phase RIA (24). Polyvinyl chloride microtiter 
plates (Dynatech, Alexandria, VA) were coated with type II 
collagen at 100 /ig/ml, blocked with 2% (vol/vol) horse 
serum, and incubated , with dilutions of immune sera. The 
plates were developed with *^Mabeled rabbit anti-mouse 
Fab. Individual wells were cut out and counted in a y counter. 
Affinity-purified mouse anti-coUagen anUl>odies were used as 
' a standard. 

Statistical Analysis. Comparisons of means were performed 
by Student^s t test. Arthritis incidences were compared with 
the Fisher exact test. P values jgiven are for two tailed tests. 

RESULTS 

Resistance to Arthritis Induction After Feeding of Soluble 
Type II Collagen. Soluble type II collagen was administered 
intrag^trically to CIA-susceptible DBA/1 Lac J mice prior 
to intradermal immunization with type 11 collagen in com- 
plete Freund's adjuvant. Twelve feedings (500 /ig each) of 
type n collagen in 0.5 ml of 0.01 M acetic acid during 6 weeks ~ 
significantly reduced the incidence of arthritis (Fig. \A\P < 
0.004 for each time point beyond day 30). For the group, the 
MAI on day 58 was 1.9 as compared to 3.9 in controls (Fig. 
IB).. For those mice in the type II collagen-fed group that did 
become arthritic the mean day of onset (day 44 ± 4) was not 
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Flo. 1. (A) Inddence of arthritis after intragastric adimmstratioo 
of 500 /ig of type II collagen in 0.5 ml 0.01 M acetic add 12 times 
during 6 weeks (summary of six experiments), a, type II coUagcn (n 
« 32); «, controls (« ^ 51). (B) Clinical ^verity of arthritis, a. type 
II collagen (ii = 32); controls (n « 51). 



significantly delayed compared to controls (day 41 ± 2). The 
clinical severity of the arthritis in these animals also did not 
differ significantly from that in the arthritic controls (mean 
MAI ± SEM on day 58 of type II collagen fed animals, 5.6 ± 
0.76; mcap MAI controls ± SEM, 4.8 ± 0.36; 034). 

When both the interval and the number of feedings were 
decreased, it was found that eight intragastric administrations 
of type II collagen given over a 2*week period were sufficient 
to n^duce the incidence of CIA significantly (Fig. 2A). 
Administration of denatured type II collagen, however, had 
no effect on the incidence (Hg. 7B) or the severity of the 
arthritis (MAI for the jgroup fed denatured type II coUagen, 
3.4; MAI controls, 3.3). When each intragastric administra^ 
tion consisted of 3 trig, rather than 0.5 mg, of type II collagen 
ho suppression of CIA was observed (Fig. 20. The clini^ 
severity of the arthritis observed in these animals was slightly 
higher (MAI, 4.4) than that observed in the corresponding 
controls (MAI. 3.7). 

Serum Antibody Levels in Type n Collagen-Fed and Control' 
Mice, Table 1 shows the distribution of immunoglobulin 
isotypes in the anti-collagen response in sera taken during the 
onset of disease on day 35 after primary immunization. The 
results are presented separately for animals with and without 
arthritis. The total antibody levels given are the sums of those 
for the individual isotypes. None of the isotypes showed 
statistically significant differences between arthritic and 
nonarthritic mice in the control group but .IgG2a and lgG2b 
tended to be higher in the arthritic mice. lgG2b levels in type 
II collagen-fed mice were significantly lower than those in 
arthritic control mice, while IgG2a levels were also reduced, 
but not significantly different from those in control mice. The 
IgGl, lgG3, and IgA responses were lower but did fK>t differ 
significantly in fed and conUol mice. 

Since IgG2a and IgG2b were most prominent in the 
anti<ollagen response, it was of interest to determine the 
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Fkd.2. IncidcDceofanhridsaAcrinUagastrkadmiiustr^^ 
eight times during 2 weeks {a, n « 10). Controls 0 J mt of 0.01 M »cclk add (•; n == 10). (fi) Denatured type II collagen (500 in 0,5 ml of 
0.01 M acetk ^12 times during 6 v^eeks n 15). Controls (as in A) (•, n « 28). (Q type U collagen (3 mg) in 1 ml of 0.01 M acetic add 
12 times daring 6 weeks (o, n « 19). Controk had 1 ml of acetic add (•, n =■ 18). Mice were immunized with type U collagen in complete Firund's 
adjuvant 3 days after the last dose of type U collagen. 



level of these antibodies during the afferent frfiase of disease 
inductioD fmH- to onset of arthritis, as well as later in the 
course of the disease (Table 2). The IgG2a and IgGlh levels 
measured on day 20 after immunization were similar in all of 
the aiice. In spite <tf'the resistance to disease induction in type 
n c(dlagen-fed. mice, their IgG2a antibody levels were not 
significantly lower than those of control mice. However, the 
tendency to reduced lgG2a and IgG2b antibody levels ob- 
served during the onset oHhe disease (day 35) persisted, even 
in sera taken on day 60 after inununizatioD. Measurement of 
total serum anti-collagen antibodies by RIA gave similar 
results. In a group of control {n = 4) and type II coUagen-fed 
(rt = 7) mice, anti-collagen levels on day 20 were 78 ± 21 and 
99 ± 35 ftg/inl (mean ± SEM), respectively. Sera from 
arthritic control mice (n = 9) taken on day 60 mcasiued 244 
± 46 /£g/ml, while nonarthritic type II collagen-fed mice 
measured 156 ± 19 /ig/inl (mean ± SEM; n = 10; i* = 0.17). 

DISCUSSION 

It has been postulated that immunologic unresponsiveness is 
induced after intragastric administration of antigen by the 
separation in the gut of tolerogenic, monomelic forms of 
antigen from inuntmogenic large molecular weight aggregates 
(25). After intragastric administration of soluble bovine 
serum albtmiin (25) or ovalbumin (26), only monomeric 
antigen could be deteaed in the sera of fed animals. Very 
snudl quantities of inUct native prptems or small fragments 
bearing antigenic determinants <rf'the native protein appear to 
be absorbed. In the present experiments, intragastric admin- 
istration of undeifiatured, but not denatured, type 11 collagen 
leads to suppression of CIA. This is consistent with evidence 
that the immune response to type U collagen in mice is 
directed against the undenatured helical antigenic determi- 
nants (4, 27) and that only immunization with undenatured 
type II collagen readily induces arthritis (23, 27). 



Eight feedings of soluble type II collagen over a 2-week 
period arc as effective in suppressing CIA as 12 feedings over 
6 weeks. In contrast, administration of large doses'of type II 
collagen in each feeding docs not result in suppression of 
CIA. Results from other iiivcsttgators (reviewed in ref. 15) 
also suggest that the induction of unresponsiveness by the* 
oral route is strikingly dose dependent Continued feeding 
reduces the absorption of antigen^ probably as a resuh of 
local immunity (15). It is possible that the high dose of type 
II collagen used here may have immunized the redpient, 
although no anti-coUagen antibodies, even of the IgA isotypc, 
have been detected in sera taken after feeding. It is of interest 
that the severity of the disease obscived in the fed aninuds 
that do become arthritic does not differ from that in controls. 

It has been reported that feeding of antigen subsequent to 
parenteral immunization either has no suppressive effect or 
boosts anUbody production (16), Others suggest, however, 
that continued feeding of small doses of antigen may lead to 
systemic unresponsiveness in spite of initial priming (15). 
Repeated oral administration of ovalbumin can prevent a 
secondary antibody response in primed mice (28). In the 
present studies (data not shown) eight intragastric adminis- 
trations of type II collagen given between days 10 and 29 after 
immunization with type II coUagen in complete Freund's 
adjuvant did not result in decreased incidence of severity of 
CIA. 

It has been suggested that CLA is an autoimmune disease 
initiated by the binding of antibody to autologous type U 
collagen in the joint (29). Complement is required for the 
development of CIA (30). Onset of disease in susceptible 
mouse strains is associated with a predominance of IgG2a 
atiti-coUagen whereas resistant strains mount a relatively 
deficient IgG2a response (22). This is in agreement with the 
fact that IgG2 is the most efficient member of the mouse IgG 
class in the fixation of complement by the classical pathway 
(31). The IgG2 anti-collagen response is, therefore, of par- 



Table 1. Effect of type 11 collagen feeding on isotypc distribution of scrum anti-collagcn on day 35 after immunization 



Pretreatment 



Arthritis 



No. of 
mice 



Anti-cdllagcn isotypc, fi^ttd 



IgGl 



lgG2a 



lgG2b 



IgG3 



IgA 



Total 
immunoglobulin. 



Acetic acid- 


































fed control 


+ 


6 


52 ± 


14 


437 ± 


108 


107 


± 


17 


10 ± 


3 


48 ± 


14 


653 




132 






4 


49 ± 


21 


169 :± 


31 


42 




11 


6± 


3 


25 i 


7 


291 




53 




Total 


10 


51 ± 


11* 


330 ± 


77* 


81 




15* 


8± 


2« 


39 1: 


91 


508 




98ll 


Collagen fed 


+ 


2 


47 ± 


7 


122 ± 


32 


30 


± 


9 


4 ± 


3 


16 :t 


3 


227 




18 






6 


34 1: 


16 


136 ± 


8 


37 




23 


5 ± 


4 


16 2: 


1 


219 




42 




Total 


8 


44 ± 


V 


126 ± 


24* 


32 




9* 


4 ± 


2« 


16 ± 


21 


221 




3lil 



•p. 0.64; t/», 0.09; *. 0.03; 0.19; V, 0.12; ip, 0.06. 




_M^-:^:^'^'':::::t Ami-coilagcn isotypc, 

^^^1^ ■ K^^^t^ Artliritis mice lgG2a 



lgG2b 



70 



60 



Acetic «eid- 
fcdoontxoi 

CoUageo fed 

Acedcacid- 
fedcontrol 

O^lagenfed 



+ 



5 
8 

9 
4 
9 



701: 
981: 



8* 
36* 



19± 
16 ± 



6t 
4t 



448 ± 134* 32 ± 7^ 
387 ± 143 59 ± 17 
294 ± 166* 12 ± 2< 



Resuhs aremcan ± SEM. +. Mice with arthritis. Mice without 
arthritis. . 

0,6; tp. 0.7; ♦P. 0.49; «P. 0.06. 

ticular impoxtance for the development of CIA, the possi- 
bility exists that resistance to induction of CIA observ^ after 
intragastric administration of type U collagen resulu from a 
decrease in the magnitude of the IgG2 response or a switch 
in isotype predominance. We have found that wMe the 
ovendl anti-coHagen response is slightly v but not significantly 
lower. IgG2a remains the predominant isotype m berth fed 
and control mice. In addiUon, although much lower m 
magnitude than the IgG2a response, the IgG2b anti^llagen 
response is significantly lower in nonarthntic type U 
collagen-fed niice than in arthritic control mice. 

There are at least two possible mechanisms for the resist- 
ance to arthritis induction observed after feeding of soluble 
type n coDagen. Mattingly and Waksman (32) found that 
feeding sheep erythrocytes for 2 weeks resulted in systemic 
unresponsiveness. Within 2 days after feeding, suppresswT 
cells u>peared in the Peyer^s patches and mesenteric lymph 
node but were undetectable in these locaUons and present m 
the spleen and thymus after 4 days. Suppressor T cells have 
also been shown, by adoptive transfer, in the nnesentenc 
lymph node and spleen of animds suppressed by oral 
administration of srfuble proteins or haptens in several other 
experimental systems (33-38), In the present systena 
collagen-specific suppressor T cells could have suppressed 
antibody production, particulariy of the IgG2 class, or might 
have prevented the sensitization of T ceUs dircctiy mvolved 
in the initiation and maintenance of arthritis. Alternatively, 
production of anti-idiotypic autoantibody has been postulat- 
ed to depress specificially tiie IgM and IgG immune response 
after systemic challenge of fed animals wttii an immunizing 
dose of antigen (39, 40). AlUiough in Uie present ^udy the 
effect of type II collagen feeding on the magnitude of the 
humoral anti-coUagen response is not marked, it is stiU 
possible that anti-idiotypic regulation could have suppressed 
a part of the response critical for the induction of CIA by 
virtue of its specificity, 
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SUPPRESSION OF EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS BY 
ORAL ADMINISTRATION OF MYELIN BASIC PROTEIN AND ITS FRAGMENTS^ 
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We leppit that cj^^crimental autolmmimc cnccph- 
idomjelilifl, a T cdl-medinted aatoimmane diftease 
studied as a model for multiple sclerosis, can be sup- 
pressed ia Lewis rafs b7 the oral adminlstratloii of 
myelin basic proUln (MBP). Both the clinical and his- 
topatholo^ manifestations of the disease were sup- 
press<4 in a dose-dependent manner. In addition, pro- 
liferative responses to BfBF and, to a lesser ezteott 
scrum levels of anti-BlBP antibody were suppressed Ivy 
feeding^ BCBP. Suppression *of clinical and histcilo^c 
disease was observed whether animals were fed BIBP 
before or after disease induction, althou^ suppres- 
sion was more complete when rats were fed before 
immunization. Disease was also suppressed bythe oral 
administration of either encephalitogenic or nonen- 
eephalitogenic fragments and decapepUdes of the MDP 
molecule, with more complete suppression observed 
when nonencephalitogenic fragments were fed, sug- 
gesting that suppressor determinants exist in the HBP 
molecule distinct from the encephalitogenic region. 
The oral administration of a non-disease-inducing 
portion of an autoantigen represents an antigen-speciBc 
method by which an c^>erimental autoimmune dis- 
ease can be immonoregulated. 



Experimental autoimmune encephalomyelitis (EAEP is 
a T ecu-mediated autoimmune disease directed against 
myelin basic protein (KfBP) and has been studied in several 
m a mm a l ian species as a modd for the human demydi- 
nating disease multiple sclerosis (I), Several studies have 
focused on methods to suppress the devdopmcnt and se- 
verity a EAE. For example. It has been demonstrated that 
suppression of the disease is possible ty non-antigen-spe- 
dlic methods such as treatment with cyclophosphamide 
(2) or in}ecUon of monoclonal antibodies directed against 
T cell subsets (3, 4). in addition, various antigcn-specinc 
methods have been used to suppress EAC, Including sys- 
temicaliy administered anUgen or antigen conjugated to 
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lymphoid cells (6-7). 

An eflecUve and long recognized mettiod of inducing Im- 
munologic tolerance Is the oral administration of antigen 
(see Reference 8 for review), which was first deitionslrated 
by Weils for hen's egg proteins in 1911 (9), Oral Induction 
of immunologic unresponsiveness has been demonstrated 
for a number of T-dcpcndcnt« but not T*lndq>endent, an- 
tigens (8* 10) and we have previously investigated oral tol- 
erance to viruses (1 1 ). Qralt/ induced tolerance has been 
shown In several Instances to be the result of the genciaUpn 
of anUgen-specific suppressor T cells (11-19). although 
other mectianlsms including antildiotypic antllxxiies and 
immune complexes have also l>een implicated as being re- 
sponsible for the induction of oral tolerance (20-22), In 
the present report, we have studied the effect of feeding 
MBP on the suscepUblllty to and scvcrit/ of acute mono- 
phasic EAE In the Lewis rat. In addlUon. because only a 
small s^ment of the MBP mc^ecule is known to t>e enceph- 
aUtogcnic and the remainder Is unable to induce disease 
(23), we also examined the effect of oral administration of 
pepUdc fragments of MBP on the development of EAE, Our 
rcsulis show that the oral route of antigen administration 
suppresses not only disease but also various Immune re- 
sponses to MBP and that suppression of EAE is also pos- 
sible by feeding nonencephalitogenic fragments of the MBP 
moleculie. 



MATERIALS AND MErfHODS 

Rocs. Lewis rat3 wrere obtained from the Charics Ktvcr Laboratoiy 
(Wilmington. MA). Animals ^vcrc tised at 6 to 8 wk oT age 

Antigens. Guinea pig and bovine MtBP were punned from brain tis- 
sue by tbc method ofOletiJcr ct aL (24). Fragmenta of guinea pig MBP 
were generated by Umlted pepsin dlg^too at 2S^ pH 3.0, and wete 
sepatated by ton exchange chromatograplv^as described 1251 The pep- 
lld€a were run on phosphoric add-urca sodium dodccyl sOUate-pcrfy- 
aciyUxnkIc gci» 126) to verify their homogeneity. The bovine ence- 
phalitogenic dccapcptkte (Ala<«ln-Cly411»-Af|^Pix><H^ and 
the dccapeptlde S79. which dtOcTB from the encephalitogenic deca> 
peptide 1^ a slngk amino acid subsUtutkm (Gly for Asn| at the carboxyl 
terminus, were synthesized using an ^>pUcd Bloorptems 430A pepUdc 
synthesiser. 

Induction of oral tolerance. Rats under light ether anesthesia were 
fed MBP or fragments In 0.25 ml of phosphate-buOercd aaUne (PBSJ 
soluuon by uslxig a syrmgc ntted with a 20-gai:^c baO point needle. 
Control a nim als were fed equal amounts of bo^e sentm albumin 
(BSA) or saline alone. 

immunizations. EAE was induced In Lewis rats by ImmunlzaUon 
with guinea pig MBP emulsined In complete Freund's adjuvant tCFA). 
A tola] of 0.4 ml of emulsion containing SO $ig of MBP In 0.2 ml saline 
and 0.2 ml of CFA was infected into the hind IbotpaMis of each rat 
Disease was diaractcrtecd by hind limb paralysis and incontinence, 
usually between days 12 and 15 after ImmunlzaUon, and In all cases 
rats recovered by day 16. Clinical scoring was as follows: 1 - tall 
wealoiess; 2 - tall weakness plus hind limb wcakncas: 3 » hind limb 
paralysis plus tncontlnencc: and 4 » Moribund. 
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Histology, Rats were killed on day 16 after lininuntzaUon and brains 
were removed and Oxed In a soluUon of 3% fonnaldchyde. 60* eOianol. 
and 4* acettc acid. Slides of pafatHn-eaibeddcd Ussue were prepared 
from each individual rat and iOnm sections were stained with he- 
matoocyiln and eostn. Numbers of perivascular Inflammatoiy fod were 
quantined from coded sUdes by esUbltshed procedure t27|. 

ProliferaHon assay. Ten days after ImmunlzaUon. some of the rats 
from each experimental group were killed, the popliteal lymph nodes 
were removed, and tiln^ ceU suspensions were prepared. A volume of 
0.2mtcontalnlng4 X 1 0< cells hi RPMI 1640 containing 2* gfutamlnc. 
IX pcnlclllln/^trcptomycln, 5 x 10** M 2-rocrcaptocthanol, and 6% 
fetal calf scnun was added to each nUcroweO and MBP was added at 
50 fig^ The ceUs were cultured for 72 hr, each weO was pulsed with 
1 mCI of trittatcd thymidine, and odb were cultured for uMther 24 hr. 
C^iltures were harvested onto (ihcrg^ass lUters using a multtharvcster 
and counted using sUndard IfqukI sdntlOation techniques. AO cul- 
tures were performed In triplicate and results were expressed as stim- 
ulation indexes (cxpertmental cpm/control cpm). 

Measurement of serum antibody. An en^me-Unkcd Unmunooor- 
bent assay was ttsed to measure the level of eerum antl-MBP antibody 
la rats. A vohune of 0. 1 ml of MBP solutksn (0.06 m^ml In PBSl was 
added toeach mlcrowcfl and was lncul>atcd for 3 hr atd7*C. WeUswere 
washed with PBS containing 0,OS% Tween 80 (PBST) and were bk>cked 
orerolght at 4*C with 5% BSA in PBS, pH 9.0, After washing with 
PBSr. rat sera fdihited In PBSl were added and incubated for 3 hr at 
room temperature and. after washing with PBST. secondary antibody 
(peroxldas^ommgated goat anU-rat (gG| was added for I hr at room 
temperature. Substrate was added and the reaction was stopped with 
0,1 M NaF, Plates were read at 450 nm on a Titertek multlscan. Ab- 
sorfoancc at 450 run was also determined from serum from rat tai- 
rounized with only CFA and was subtracted frxMn all values as back- 
groufKt 



RESULTS 

Oral tolerance o/EAE is dose-dependenL The ftrat series 
of experiments investigated the efTcct of the number of feed- 
ings and the dose of MBP on the suppression of disease. 
Rats were fed various amounts of MBP cither once 7 days 
before (day -7) the day of ImmunlraUon (day O) or three 
Umes on days - 14. -7. and O. The results (Table I) dem- 
onstrate that feeding MBP to rats supprt^sses EAE and that 
orally induced suppression Is dose dependent MulUple 5O0- 
Mg feedings resulted In complete suppression of disease and 
were more effective than a single feeding at this dose. In 
addition to clinical manifestaUon of EAE. histokigic evi- 
dence of disease la rats was examined. Rats were sacrificed 
16 days after immunization and brains were removed and 
fba^ In formalin soluUon. As shown in Table I. feeding rats 
500 Mg of MBP on days -14. - 7. and O caused a marked 





TABtXI 




^ect qfjetdlng dose on orally induced suppression t^EAB 


MPS Pccdtm 


CUnlcat Otscase* 


Huiologk Scan5 


OuUfol 


ld/32 


9.2 ± 5.8 


Day -7 






25 


3/S 


NO 


100 


2/5* 


HD 


500 


3/I0*** 


NO 


Days -14. -7, O 






25 


3/5 


7.4 - 5.2 


100 


2/5* 


3.2 :£ 1.9 


SOO 


mo*** 


0.2 £ 0.4 



w^iws UU9C9 w wior on uie indicatoa days and Immu- 
nized with 50 ^ of MBP in CFA t200 ^fi <rfM. lul«TOlasts| on d« 
are the number of dl»ea»ed raU of the total number tested. Inununlxcd 
oonttots were fed BSA or saline. Qlnlcal disease tn controb «nd In fed 
animals consisted of hind limb paralysis and Incontinence. 

• Groups were compared with Immunized controls by analysts with 
one degree of treedom. *p < €Lt)6, ** p < 0.01. p < O.OOl. 

< RaU wm klMcd on day 16 atter bnmunlzatton and brains femovcd 
and tbced. Shown are the avera^ number of perivascular Inflammatoir fod 
per gnnxp i SD. ND. not determined. ' 



decrease in the number of inflammatoiy lesions in tlie brain. 
A moderate decrease was found in animals fed IQO fig and 
no signiflcant reduction of innammation was found In rats 
fed 25 /tg Of MBP. 

^cct <y feeding MBP before or after immunlzaHon. A 
second series of experiments investigated the effect of feed- 
ing MBP before or after ioununizatlon with MBP to deter- 
mine whether orally induced suppression Is afTected by pre- 
vious exposure to antigen. For these experiments, animate 
were fed 500 Mg of MBP three Umes within a narrower time 
frame either before (days -7, -^5. and -2) or after (tiays 
+ 2, -1-5, and +7) active induction of disease (immuniza- 
tion with MBP). The results (Table 11) show that the clinical 
expression of disease is suppressed whether animals were 
fed MBP before or after sensitization, the effect being more 
complete when antigen was fed before immunization. How- 
ever, histologic examination revealed a marked reduction 
of perivascular infiltrates in rats fed MBP either t>efore or 
alter sensitization to MBP, Greater than 60% suppression 
of clinical disease was also observed when rats were fed 500 
/ig of MBP three times beginning on tlay +5 or on day + 7 
after immunizaUon (data not shown). 

Further experiments were conducted to determine the 
persistence of orally Induced protection against EAE. After 
receiving 500 fig of MBP on days -7. -5. and -2. rats 
were immunized at various lerigths of time after the last 
feeding. EAE was completely suppressed in rats at 4 wk 
aRer feeding: by 8 vie 50% bf animals were again suscep- 
tible to disease (data not shown). 

To determine whether suppression of EAE by feeding 
MBP was specific for MBP and not due to a nonspecific 
effect of a basic protein, rats were fed 500 /ig of histone 
three times (days -7. --5, and -2) and immunized with 
MBP. Feeding histone had no effect on the incidence of 
EAE (data not shown). 

Effect {^feeding MBP on Immune responses to MBP: The 
effect of oral administration of MBP on celliilar and humoral 
immune responses to MBP was also examined. ProliferaUve 
responses to MBP were studied after feeding rats different 
doses of MBP and following feeding at different times with 
respect to immunization. Rats were killed 10 days after 
ImmunlzaUon and proliferative responses of draining lymph 
node cells were determined. The results (Fig. 1) demon- 
strate that feeding MBP before immunization caused a pro- 
nounced decrease (75 to 92% suppression) of the prolif- 
ciaUve response to MBP. Supprcsston of prdiferaUon. unlike 
suppression of disease, occurred at all doses and feeding 
regimes tested: Feeding MBP after ImmunizaUon was also 
cCrectivc in suppressing the proliferative response to MBP 
(Fig. 2). OraUy induced suppression of the proliferaUvc rc- 

TABLEU 

Effect of feeding iiBP to rats b^ore or after Immunization on the 
de%}eiopn\erM of EAE 



MBP Feeding 



Ctmical tHawt* Hlatoioglc Soonf 



Control 

-7, -5, - 2. +2. I 5, +7 
-7. -5. -2 
+ 2. +5. +7 



23/26 



0/17*** 
4/10- 



21.6 ± 5.1 

0.2 i 0.4 
O 

1.4 2: 2.3 



- Rata were fed 500 of MBP on the Indicated days and Immunized 
with 50 |ig of MBP In CFA on day 0. Immtmlzcd controls were fed BSA or 
saline. CUnical disease tn controls and fed animals consisted of hind limb 
paralysla and InconUncnGc. 

• Groups were compared with Immunized controls by analysis with 
one degree of freedom, •p < 0.05, •♦p < 0.01, •••p < O OOl 

'Sec Table 1. 
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Figure J. Effect of dose and number of feeding of MBP on prallfcfaUvc 
response lo MBP. Animals were fed various doses on the liKjlcatcd days and 
then tmmunlxed with SOmK oT MBP InCFA on day O. Hrollferattvc response 
oT popliteal lymph nodes was detcnnined 10 days later. 



12 



X 

o 

c 

c 
o 



10 • 



8 - 



Si 



2- 



control 



fod -7.-5,-2 fod ♦2,*5 .♦T 



Ftgun2, Eflcct of feeding MDP before or after ImmunlraOon on proUf> 
cirathre response to MBP. AotmaU were iMl SCO Mg of MBP on the Indicated 
d^ and Immuntzed with 90 Mg of MBP in CFA on day O. PcxilllecaUvc 
response of popliteal tymph nodes wa« detennined on day 10 after Immu- 
nlzaUon. 

Sfponsc to MBP ts antigen specific, as shown In Figure 3. 
Speciflcalty. the proliferative response to a purified protein 
derivative ot Mycobacterium tyherculosls, which occurs as 
a result of immunization with CFA« 1$ not suppressed by 
feeding MBP. Feeding an irrelevant antigen such as BSA 
also does not affect the proliferative response to this protetn 
derivaUvc and only slightly suppresses the proliferative re- 
sponse to MBP. Finally, feeding MBP docs not affect the 
paiotiferaUve response to BSA in animals Immunized to BSA. 

The eflcct of feeding MBP on the pnxiucUon of antibody 
to MBP was also examined. Rats fed MBP were immunized 
with MBP in CFA and bled 16 days after immunization. 
Levels of antl-MBP antitiody in the scrum were measured 
by en^rme-linked imniunosoibent assay. When animals were 
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n9ure 3. Antigen spectftclly of orally induced suppns»ion of the prolir- 
eraUvc response. Animals were fed 500 Mg of MBP or BSA on days -7, -5, 
and -3 and Immuntzed with lOO/ig of MBPor BSA InCPA on day O. Nine 
day» after Unraunlzattoa* lymph nodes were removed and |iroUfcnllvc re- 
sponse to MBP, BSA, and a purtSed prolctn dcrlvaltvc of Mt/coboctert um 
(uberculosts f PPD) (all at 50 fi^tnl} was determined. 
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Figure 4, Effect of feeding MBP on the production of scrum anU-MBP 
antibody. Animals were fed the Indicated amounU of MBP on da^s * K 
-7. and O and Immunlxed wtth SO /ig of MBP In CFA on day O. Rats were 
bled I fi dsQfs after tmmuntxatlon and scrum antibody levels were determined 
by enzymc-ltnked lmmunosoit>eht assay. Shown are the relative absort>. 
anccs at 450 nm of scnim dOuted 1/I5.G2S with respect to serum obtained 
from control animals Immunized with CFA alone. 

fed at weekly intervals (days - 14. - 7, and 0). suppression 
of antl-MBP antibody response was only observed vrhen rats 
were fed the highest (500 /tg) dose tested (66% suppression. 
Fig. 4). Unlike the suppression of proliferative response, 
suppression of antltKKiy production was not observed when 
rats were fed lower doses of MBP. When rats were fed an- 
tigen either l>cfore or after ImmunizaUon tuider the other 
feeding schedule (days -7, -5. and -2 or +2. +5, and 
+7) the antibody response was not significantly affected, 
wtth only 15% suppression observed for both pre- and post- 
fed rats (data iK>t shown). 
Eflfect qTJeeding MBPJragments on EAE. It has b^^en 



ORALLY INDUCED SUPPRESSION OF EAE 



443 



Imported that the encephalltogenlc region of MBP for Lewis 
rats is a specific decapeptide sequence located at residues 
75 to 84 of either guinea pig or bovine MBP, which by itself 
can induce EAE when Injected into animals with CFA. 
whereas other regions of the molecule arc nonencephall- 
togcnlc (23). Furthermore, for some antigens, including 
MBP, It has been reported that distinct suppressor deter- 
minants exist at sites dlflerent from immunogenic deter- 
minants (33« 34). We therefore investigated whether either 
encephalltogenic or noncnccphalitogenic regions of MBP 
could by themselves prevent EAC via oral administration. 
Fragments of guinea pig MBP were generated by limited 
pepsin digestion and separated by cc^unm chromatography. 
The three different fragments generated by this procedure 
were fed se(>arately to rats, and then animals were im- 
munized with whole guinea pig MBF. It was found that 
both the disease-inducing (fragment 44-89) and nonen- 
cephalitogenic (fragments 1^37 and 90-17Q) fragments 
suppressed EAE when fed to rats, the nonencephalltogenic 
fragments being more effective in suppressing the disease 
than the encephalltogenic fragment (Table III). Further- 
fhorc. oral administration of both the encephalltogenic 
fragment (fragment 44-89) a^d the nonencephalltogenic 
fragment (fragment 1—37) suppressed subsequent prolif-. 
eratlve response to whole MBP (Table III). 

In tenns of tK>vlne MBP« it has been reported that a de- 
capeptide, termed S79, which differs from the 75-84 en- 
cephalltogenic decapeptide by a single amino acid substi- 
tution (Gly for Asn) at the carboxyl terminus, suppresses 
EAE when injected into Lewis rats with CFA (28). We thus 
synthesized both the bovine encephalltogenic decapeptide 
and S79 decapeptide and fed them to animals before Im- 
munizaUon with whole guinea.ptg MBP. The S79 decapep- 
tide suppressed EAE and appears to be more suppressive 
<tf disease than the encephalltogenic decapeptide itsdf (Table 
III). Whole bovine MBP. which is not encephalltogenic in 
rats at doses encephalltogenic for guinea pig MBP (29). 
complete^ suppressed disease when fed to animals at the 
same dose as guinea pig MBP before immunization with 
guinea pig MBP (Table 111). 

DtSCUSSf ON 

Our results demonstrate, first, that oral administration 
of MBP Is an effective means by which acute monophasic 
E^AE in rats can be suppressed in an antigen-specific man- 



ner. Orally induced suppression Is dose-dependenl. with 
both clinical and histologic symptoms of disease t>elng dra- 
matically reduced. Second, feeding MBP to rats profoundly 
suppresses T cell proliferative response to MBP and. to a 
lesser extent. anti-MBP antibody production, which is con- 
sistent with orally induced suppression of immune re- 
sponses for other antigens (8), TT>lrd, npnencephalUogenIc 
fragments of MBP (pepUdes 1-37 and 90-170) are as cf- 
fccUvc in oraBy suppressing EAE as the intact protein. Thus, 
oral suppression of disease does not require the disease- 
inducing antigenic determinant of MBP. 

The oral administration of MBP was most efTective in 
suppressing EAE when administered before immuniza- 
tion, suggesting that the afferent limb of disease induction 
was affected most by feeding. Nonetheless, feeding after the 
Induction of disease (startliig as late as day +7) was also 
effective in at least partially suppressing disease, which 
indicates that later stages of the Immune response foDow- 
ing disease induction may also be susceptll>le to oral 
suppression. Studies arc currently in progress to deter- 
mine the effectiveness of orally administered MBP in sup- 
pressing adoptively transferred and chronic reiapslng EAE. 

Although feeding MBP after EAE induction did not com- 
pletely suppress disease (60% suppression vs 100% 
suppression if animals were fed before Immunization), it 
was as effective as feeding before immiuUzation In sup- 
pressing the proliferative response to MBP (90% suppres- 
sion). Different doses of orally administered MBP were re- 
quired to suppress disease, proliferative responses, and 
antibody production, and. in the case of the antitKXly re- ' 
sponse. the interval of feedings influenced the suppressive 
effect. This suggests that different mechanisms may be 
involved in the Induction and maintenance of oral tolerance 
for cell-mediated and humoral responses (30, 31) and for 
disease protection. 

We have shown that orally administered fragments of 
MBP that do not contain the encephalltogenic sequence 
T>rcvcnt disease and suppress proliferative re^nses to MBP. 
suggesting that suppressor determinants cjcist in the MBP 
molecule distinct from the encephalltogenic region and that 
these determinants can induce tolerance when dissociated 
from the disease-Inducing determinant Furthermore, our 
data suggest that nonencephalltogenic determinants may 
be more potent suppressors of disease than encephallto- 
genic determinants. Suppressor determinants that arc dis- 
tinct from antigenic determinants have been descril>ed in 
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Rcspocur* 


ConUx>ls 


19/25 
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— - „_ : — .>^- «.».»„w p^uuca VI inu^cuo id^ifZKNar «o oi »/no*c ^inca pu? MBP) on days 

-7 -5. and - 2 and immunlMd on day O wtlh SO |ig o( guinea pig MBP with CFA. Shovn are the number of diseased ruts 
of the total number lested. Clinical disease in controls and fed animals consisted of hind Umb paralysis and Incontinence. 

• Gnmps were compared with immunized oontrt>ls by x* analysis, ♦p < 0.06. ♦•p < O.OI . •••p < O.OO). 

♦ ProUfcfatWe response offymfh node cells to whole MBP Is expressed as stimuhtton Index (experimental cpm/Coiiirol comL 
ND. not determined. ~r ^ 
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hen*d egg white lysozyme arid appear in the amino terminus 
of the molecule (32, 33). Using the same EAE system we 
have studied (guinea pig MBP In lycwis rats). Ctiou et al. 
(34) reported that the encephaUtogenlc region of the MBP 
molecule w as nece ssary for suppression of EAE when given 
with Incomplete Frcund*s adjuvant (IFA). DrlscoU ct al. (35) 
reported similar results with the guinea pig. Swanborg (36). 
on the <kher hand, using guinea pig MBP in guinea pigs 
reported that an inhibitory determinant was present in 
fragment 43-89« which is distant from the encephallto- 
genic site (residues 114 to 121) and which suppressed dis- 
ease when administered with IFA. The disparity t>etwecn 
our results and those of Chou et al. (34) may relate to the 
dilTercnoes In routes of administration of antigen used to 
Induce suppression. The oral route may provide unique 
condltkms that maximize the Induction of suppression. 
For example; gut processing of antigen may modify and 
"l^MpgicaUy Alter" antigen (37) In a manner that cannot 
be r^roduced by other means, such as immunization with 
IFA or direct l.v. injection. In addition, the gut may provide 
^>ecialized antlgcnrprescnttDg cells, cither in the intestinal 
epithelium (38) or Peyer's patch (39). which have been re- 
ported to be Involved In activating suppressor Inducer T 
cells. Studies arexurrently in progress to define the min- 
imal amino acid sequences on the nonencephalitogenlc de- 
terminants required to induce oral tolerance to EAE;. 

Orally Induced tolerance is a normal Immune response 
that Is considered to function in the prevention of allergic 
and autoimmune reactions to food antigens (8). Although 
the oral administration of antigen has been widely studied 
as a means of suppressing the immune response for a num- 
ber of dlfTerait cellular (14. 15), protein (12. 13. 16. 17). 
and nonprotein (eg., contact-^nsltizihg) antigens (11. 19), 
It has not been applied In the suppression of an autoim- 
mune disease to a defined antigen until recently. We are 
aware of one published report in which the oral adminis- 
tration of type H collagen was* used to suppress collagen- 
induced arthritis In mice (40) ahd of a preliminary report 
of EAE suppression by oral administration of MBP, in which 
20 mg of MBP was fed and 58% of animals were protected 
from cUnicai disease 14 1 ). In the study of arthrlUs. collagen- 
induced artliritis was suppressed by feeding undenatured 
but not deniaitured type 11 collagen. There was a slight de- 
crease in lgG2b antio^gen anUbodies reported; T cell re- 
sponses were not determined. 

The specific Immune mechanism by which oral admin- 
istration of MBP or its fragments suppresses EAE is at the 
present time undefined. Adoptive transfer studies with an- 
imals fed other antigens (1 1-14, 17-19)havc often shown 
that antigen-specific suppressor T cells are generated by 
feeding and arc Involved in actively suppressing the im- 
mune response. Other mechanisms, such as the produc- 
Uon of soluble factors In the serum (20) and the formation 
of antigen-antibody complexes (21), have also been pro- 
posed and may represent additional or alternative mech- 
anisms. Suppressor T cells have been shown to play a role 
In the modulation of EAE. being involved In the recovery 
from disease in rats (42, 43) and In the natural unrespon- 
siveness to the disease in certain strains of mice (44). It is 
therefore possible that MBP-specific suppressor T cells are 
Induced by orally administered MBP. Studies are presently 
in progress to determine the role of suppressor T cells in 
generating oral suppression of EAE via adoptive transfer 
of orally induced suppression from fed donors to naive re- 
cipients. 
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FIG. 4 Summary of growth cone behaviour a, Factors carried by the 
fast transport system (filled circles) arrive at the growth cone and facili- 
tate the elongation of the cytoskeletal network (hatched rectangles), 
allowing advance (solid arrow) to occur, b. When growth cones are 
deprived of fast transport material but remain attached to the axonal 
cytoskeleton, advance Is no longer possible (crossed-out arrow) and 
growth cones collapse. These changes are propagated to the growth 
cone at the indicated rate of 0.5-2 s-\ c, When growth cones are 
transected from the axonal cytoskeletal network and deprived of fast 
transport material, they collapse but are capable of advancing at the 
rate indicated. Thus, the only limitation to the fooA^ard movement of 
blocked growth cones is anchorage to the cytoskeleton. 



than similarly irradiated non-severed growth cones (Fig. 3c). As 
both blocked and transected growth cones are deprived of fast 
transport vesicles to the same extent and have received equiva- 
lent doses of laser irradiation, cytoskeletal linkage to the cell 
body may account for the variance in motile behaviour. The 
possibility of a slow wave of Ca^^ influx propagating down the 
axon was ruled out as such waves in other systems are much 
more rapid'. Similariy, changes propagated as a result of a 
blockage of the slow transport system might be expected to travel 
at the slow transport rate of 0.01-0.05 urn s~\ 

The simplest explanation for our findings is that the axonal 
cytoskeleton provides a mechanical anchor to forward migration 
(Fig. 4b), For the axonal cytoskeleton to elongate in the absence 
of a bulk sliding process*•^ cytoskeletal assembly must occur 
near the growth cone. Fast axonal transport of cytoskeletal ele- 
ments may occur^ but it is also likely that cytoskeletal proteins 
are conveyed by slow axonal transport (reviewed in ref. 10) and 
assembly is locally regulated at the growth cone. Such assembly 
could require fast transport components that either coassemble 
with the cytoskeleton or are short-lived cofactors in the assembly 
process (Fig. 4a), Transection (Fig. 4c) would relieve the tension 
axons are under"-'\ allowing the growth cone to advance. □ 
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Insulin-dependent diabetes mellitus (TODM) in non-obese dia- 
betic (NOD) mice results from the T-lymphocyte-mediated 
destruction of the insuUn-producing pancreatic fi^eWs and serves 
as a model for human IDDM'. Whereas a number of autoanti- 
bodies are associated with IDDM\ it is unclear when and to what 
^eU antigens pathogenic T cells become activated during the 
disease process. We report here that a T-helper-1 (Thl) response to 
glutamate decarboxylase develops in NOD mice at the same time 
as the onset of insulitis. This response is initially limited to a 
confined region of glutamate decarboxylase, but later spreads 
intramolecularly to additional determinants. Subsequently, T-cell 
reactivity arises to other fi-ceU antigens, consistent with inter- 
molecular diversification of tlie response. Prevention of the spon- 
taneous anti-glutamate decarboxylase response, by tolerization of 
glutamate decarboxylase-reactive T cells, blocks the development 
of T-cell autoimmunity to other ^cell antigens, as well as insulitis 
and diabetes. Our data suggest that (1) glutamate decarboxylase 
is a key target antigen in the induction of murine IDDM; (2) 
autoimmunity to glutamate decarboxylase triggers T-cell 
responses to other ^ell antigens, and (3) spontaneous autoimmune 
disease can be prevented by tolerization to the initiating target 
antigen. 

We tested NOD mice from birth to 28 weeks of age for T-cell 
reactivity to /?-celI antigens that are targets of IDDM-associated 
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FIG. 1 Proliferative T-cell responses to ^-cell antigens develop spon- 
taneously in NOD mice in a defined chronological order. Antigernnduced 
blastogenesis was measured in spleen cells from nevi^bom to 28-week- 
old female NOD mice (data from 3-15 weeks are shown). ^-Cell anti- 
gens include GAD65 (black bars), Hsp65 peptide PALDSLTPANED^^ 
(striped bars), carboxypeptidase H (grey bar) and insulin (white bars). 
Data are expressed as stimulation indices (SI) ± standard error of the 
mean (s.e.m.), calculated from 3-5 mice tested individually in 2 separ- 
ate experiments for each time point. Arrow indicates SI = 3, the level of 
significance. Carboxypeptidase H resporises were only tested at 4 and 
8 weeks. None of the control antigens (hen egg-white lysozyme, human 
serum albumin, £. co// ^-galactosidase or murine myelin basic protein) 
induced T-cel! proliferation at any age. Also, none of the ^-cell antigens 
or control antigens induced proliferation of T cells from age-matched 
control BALB/c or (NOD x BALB/c) Fi mice (data not shown). 
METHODS. NOD (laconic farms) and BALB/c mice (Jackson Laborato- 
ries) were housed under specific pathogerv-free conditions. Spleen cells 
were tested directly ex vivo for proliferative recall responses. Cells were 
plated at 1 X 10^ cells per well in -96-well microtitre plates in 200 \i\ 
HL-1 medium (Ventrex) containing 2 mM glutamine and 10 ^ig ml"^ 
antigen, or 7 \xM peptide (the optimal concentrations for alt time points 
tested) in triplicate. During the last 16 h of the 72 h culture period. 
IpCt [^Hjthymidine was added per well. Incorporation of label was 
measured by liquid scintillation counting. Human GAD65 (ref. 25) and 
£. coli ^-galactosidase were both purified from recombinant bacteria 
using a hexahistldine tag and metal-affinity chromatography^. Bovine 
carboxypeptidase H was a generous gift from L. Fricker; human insulin 
was purchased from Eli Lilly. 
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autoantibodies. These included one of the two fonas of 
glutamate decarboxylase^ ' (GAD65, an early target of 
autoantibodies*''^), carboxypeptidase H'", insulin" aral the 
immunodominant determinant of heat-shock protein (Hsp65) 
(refs 11,12). 

Proliferative T-cell responses to these antigens developed 
spontaneously in a sequential order. First, a response to GAD 
arose at 4 weeks of age (Fig. 1), concurrent with the onset of 
insulitis. This reactivity increased during the next four weeks 
and then declined to background levels by week 16. At 6 weeks 
of age, responses to heat-shock protein appeared, increased until 
week 15 and then diminished (Fig. 1; also ref. 12). SimBarly, 
whereas no response was detected to carboxypeptidase H at 4 
weeks old, there was a strong anti-carboxypeptidase H response 
by week 8. In some mice, a weak response to insulin became 
detectable at 12-15 weeks old. 

The spontaneous development of a proliferative T-cell 
response to GAD is consistent with, but does not prove, endo- 
genous priming. We therefore tested GAD-reaaive T ceQs for 
additional properties that distinguish activated/memory lym- 
phocytes from resting/naive lymphocytes. First, we found that 
GAD-challenged freshly isolated T cells from 6-9-weck-old 
NOD mice produce interferon-y (IFN-y), which is secreted only 
by preactivated Thl lymphocytes*^ (Fig. 2a). Second, whereas 
the frequency of T cells reactive to control antigens constituted 
~1 in 10^ ceUs in the spleen of 6-9- week rold NOD mice, the 
frequency of GAD-reactive T cells was almost two orders of 
magnitude higher, which is consistent with clonal expansion 
(Fig. 2a). Third, GAD reactivity resided within the L-selectin~ 
fraction of CD4^ cells, a phenotype characteristic of activated 
lymphocytes"* (Fig. 2b). These findings provide independem evi- 
dence that a potentially pathogenic'^ Thl-type T-cell population 
is spontaneously primed to GAD65 early in the development of 
NOD diabetes. 

We mapped the fine specificity of the anti-GAD T-cell 
response using an overlapping set of peptides that span GAD65. 
The initial response, at 4 weeks, involved two adjacent peptides 
(amino acids 509-528 and 524-543, peptides 34 and 35, re^c- 
tively; Fig. 3a), During the next 3 weeks, T-cell autoimnmnity 
spread to several additional GAD determinants (inclading 
amino acids 246-266, peptide 17, which contains a region of 
sequence similarity with Coxsackie virus'; Fig. 3b, c). Subse- 
quently, reactivity to GAD peptides declined (data not shown), 
paralleling the loss of response to the whole protein (Fig. 1). 

The gradual diversification of the primed autoreactive T-cell 
repertoire in this naturally occurring autoimmune disease paral- 

FIG. 2 <5AD-specific T cells in 6-9-week^ld female NOD mice are 
primed Thl type 004^^ lymphocytes based on their production of IFN- 
y (a and b), enhanced clonal size (a) and L-selectin~ phenotype (b). a, 
Detection of IFN-r by ELISA in culture supernatants (CSN) of ^een 
cells from 6-9-week-old mice 48 h after challenge with GAD or control 
antigens hen egg-white lysozyme (HEL) and murine myelin basic proteiri 
(MBP). High concenuations of IFN-/ were detected only in cultures con- 
taining GAD. IFN-7 production was measured by ELISA^' using Wf^-y- 
specific monoclonal antibodies R4-6A2 and XMG 1.2 (Pharmir^). T 
cells from age-matched BALB/c mice did not respond to GAD or to 
control antigens (data not shown). The frequency of antigen-specific 
IFN-y-producing cells was determined by an ELISA spot techraque^® 
using the complementary IFN-7 mAbs. Frequency of antigen-induced 
spot-forming cells (SFC) is shown. Values are the mean ±s.e.m. Itan 5 
female NOD mice, tested in triplicate curtures, with and without artigen. 
Results are from a single experiment and are representative of 3 e^ri- 
ments. b. Detection of GAD-specific, IFN-y-producing cells in fiie L- 
selectin" (L-sel") subpopulation of CD4^ cells. CD4^ cells were isolatec- 
from the spleens by panning on goat-anti-mouse immunogtabulifi 
(Zymed) and on anti-CD8 (mAb 58.6-72)-coated plates. CD4* cellswere 
subfractionated using L-selectin-specific mAb MEL-14. CD4* L-setectin" 
and CD4^ L-selectin~ fractions were seeded in triplicate at 2 x IC]? cells 
per well with irradiated (3,000 rad) spleen cells of 3-week-old NODmlce 
(5 X 10^ cells per well) as a source of antigen-presenting cells. 6AD- 
induced I FN- 7 production was measured after 48 h by ELISA. 
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TABLE 1 Induced tolerance to GAD prevents the deveiopment of insulitis and the spread of T-cell autoimmunity 



Treatment 


Insulitis 
score 






Spleen cell proliferation (Sl±s.e.m.) 










p -ga laciDsioasc 


taAU 




uAu peptides 






















nop 












No. 17 


No. 34 


N0.-35 




Ur n 


Uninjected 


2.4 ±0.2 


1.0 ±0.2 


9.5 ±2.1 


4.8 ±0.4 


6.0 ±0.1 


2.9 ±0.2 


6.7 ±1.0 


ND 


P-Galactosidase 


2.6 ±0.6 


1.1 ±0.1 


15.4 ±1.8 


5.1±0.6 


5.1 ±0.6 


4.0 ±0.2 


6.6 ±0.5 


11.5 ±0.9 


GAD 


0.1 ±0.1 


1.1 ±0.03 


1.6 ±0.3 


1.0 ±0.05 


1.2 ±0.1 


1.0 ±0.1 


1.2 ±0 J. 


1.0 ±0.02 


Hsp-p 


1.7 ±0.4 


1.1 ±0.05 


5.8 ±0.2 


4.5 ±0.1 


4.1 ±0.3 


4.2 ±0.1 


. 1.1 ±0.04 


4.4 ±0.2 


m-Hsp 


1.8 ±0.5 


1.0 ±0-1 


4.2 ±0.1 


3.9 ±0.1 


' 3.9 ±0.2 


3-4 ±0.2 


1.0 ±0.03 


4.3 ±0.2 





















Female NOD mice were injected intravenously at 3 weeks of age with 50 ng GAD65, ^-gaiactosidase, mycobacterial Hsp65 (m-Hsp) or OJ_^g 
immunodominant heat-shock peptide (Hsp-p) in PBS. At 12 weeks, mice were examined for insulitis and splenic T-cell responses to IDDIVl-associatect 
autoantigens. Pancreatic tissue sections were stained using immunoperoxidase for insulin and counterstained with haematoxylin. Insulitis was 
scored blinded by examining 54 to 87 islets on 5 interrupted tissue sections from each pancreas. Severity of mononuclear cell infiltration was 
defined histologically: zero indicates lymphocytic infiltration; 1 indicates <25%; 2, 25-50%; 3, 50-75%; 4, >75%^^- Proliferative splenic T-ceil 
responses were measured as described for Fig. 1. Values are stimulation index (SI) ±s.e.m. Significant T-cel! responses are underlined; a dasheC 
underline is used for a borderline response. See Fig. 3 legend for GAD peptide numbering system. CPH, carboxypeptidase H. ND, not determined 
at this time point Background counts in all groups was typically around 2,000 c.p.m. N=8 for the GAD-treated group and A/ =5 for all other groups. 



lels similar findings in experimentally induced autoimmune 
disease'* '^. Apparently lymphokine secretion by the first wave 
of autoreactive T cells in the target organ induces loss of T- 
cell tolerance to additional antigens, resulting in a cascade of 



autoimmune responses . The activation of T cells reactive to 
additional ^-cell antigens is likely to promote ^-cell destruction 
(for example, Hsp-reactive 004"" T-cell clones can induce 
IDDM'*'^'). 

GAD-reactive T cells were the first to arise among the autoan- 
tigens tested (Fig. 1). But did the anti-GAD response itself 
develop through intermolecular spreading, after a T-cell 
response to an unidentified ^-cell antigen? If the development 
of T-cell reactivity to GAD is a primary event in the pathogenesis 
of IDDM, the inactivation of GAD-reactive T-cells before their 
spontaneous priming should prevent the cascade of T-cell 
responses to other ^-cell antigens, insulitis and diabetes. 

NOD mice were injected intravenously with GAD at 3 weeks 
of age, a treatment that causes unresponsiveness in antigen-reac- 
tive T cells^'. Control groups received a similarly purified antigen 
(^-galactosidase), the immunodominant Hsp65 peptide, or 
mycobacterial heat-shock protein (which has been shown to vac- 
cinate against murine IDDM"). The mice were examined for 
autoantigen-reactive T cells and insulitis at 12 weeks of age 
(Table 1), an age at which both reactive T cells and insulitis are 
clearly established in untreated NOD mice. Seventy five per cent 
of the GAD-treated mice (but none of the controls), displayed 
no T-cell reactivity to GAD, indicating complete tolerization. 
The GAD-tolerized mice showed no reactivity to other ^-cell 
antigens and were completely free of insulitis (score zero). If 
there were another effector T-cell population in the islets, specific 
for an unknown ^-cell antigen, thai preceded the anti-GAD 
response, the release of cytokines by this population should have 
promoted T-cell responses to ^-cell antigens and insulitis 
Twenty five per cent of the GAD-treated mice were not com- 
pletely tolerized to GAD, as e\idenced by weak residual GAD 
reactivity (stimulation index ^3) and displayed very limited peri- 
insulitis. In contrast, although tolerization to both of the heat- 
shock protein antigens was complete, these treatments reduced, 
but did not prevent, the development of T-cell responses to other 
^-cell antigens or insulitis — as would be expected if a secondary 
element were removed from the amplificaiory cascade. 

In ongoing experiments examining the effects of GAD toleriz- 
ation on diabetes incidence, all of the GAD-treated mice (n = 
17; now 37 weeks old) have normal glucose levels, whereas 70% 
of the mice receiving control antigens developed hyperglycaemia 
by 19 weeks of age (w = 20). Five GAD-treated mice were exam- 
ined at 30 weeks of age for insulitis. Four pancreata were com- 
pletely free of insulitis (score 0.0) and one showed very limited 
peri-insulitis (J.T. and D.L.K,. unpublished results). Thus, GAD 
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FIG. 3 Intramolecular 
spreading of autoimmunity 
within the GAD molecule. 
Spleen cells were tested 
from 4-week-old (a), 5- 
week-old (b) and 7-week-old 
(c) NOD mice for prolifer- 
ative responses to GAD65 
peptides. A set of 38 pep- 
tides, each 20-23 amino 
acids long, span the entire 
human 6AD65 (ref. 25) 
molecule with overlaps of 5 
amino acids. These pep- 
tides are numbered suc- 
cessively from . the N 
terminus. Peptides that 
triggered stimulation indi- 
ces >3 are indicated as 
black bars. These peptides 
did not induce proliferation 
in T cells from NOD mice <3 
or >16 weeks in age (paral- 
leling reactivity to whole 
GAD), or from control 
(BALB/c X NOD)Fi - mice 
(data not shown). Data are 
represented as the mean 
Sl±s.e.m. calculated from 
3-6 mice tested individually 
in two separate experi- 
ments for each age group. 
METHODS. Proliferation 
was assayed as described 
for Fig. 1. Peptides were 
present in cultures at 7 
and label was added during 
the last 16 h of a 5-day cul- 
ture. Peptides were synthe- 
sized using standard F-moc 
chemistry and purified by 
reverse-phase HPLC 
(Advanced Chem-tech). The 
sequences of stimulatory 
peptides are: peptide 509- 
528 (no. 34). (IPPSLRYLED- 
NEERMSRL^K): peptide 
524-543 (no. 35), (SRLS- 
KVAPVIKARMMEYGTT); and 

peptide 247-266 (no. 17). (NMYAMMIARFKMFPEVKEKG). Murine and 
human GAD65 share 95% amino-acid identity and are 98% 
conserved^^ Underlined amino acids are conservatively substituted in 
murine 6AD65. In separate experiments, the murine forms of these 
peptides were tested and produced similar results. 
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tolerization can prevent the development of clinical diabetes in 
NOD niice. 

Prevention of diabetes in NOD mice has also been reported 
following oral feeding of insulin^, immunization with complete 
Freund's adjuvant^, heat-shock protein*' and heat-shock pro- 
tein-specific T cells*^. These treatments are thought to work by 
induction of active proicciive inmiime responses* and 
have not been shown to prevent insulitis. In contrast, we have 
shown that in the absence of T-cell reactivity to GAD, autoim- 
munity to ^-ceiis does not develop, demonstrating the pathog- 
enic significance of this response. 

Our data qualify GAD as a key antigen in the induction of 
murine IDDM. The initial spontaneous anti-GAD response 
leads to the recruitment of additional ^-cell antigen-reactive T 
cells. This cascade of auioimmime responses can be circum- 
vented by inactivating GAI>-reactive T cells. As a similar auto- 
immune progression may also occur in htmian IDDM^"* and in 
other T-cell-mediated autoimmune diiseases (involving different 
autoantigens), these findings should be useful in the design of 
immunoOierapies. D 
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Immune response to glutamic 
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with insulitis in non-obese 
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Knowing the autoantigeD target(s) in an organ-specific autoim- 
mune disease is essential to understanding its pathogenesis. 
Insulin-dependent diabetes meiiitus (IDDM) is an autoimmune dis- 
ease characterized by lymphocytic infiltration of the islets of Lang- 
erhans (insulitis) and destruction of insulin-secreting pancreatic ^ 
cells*. Several /cell proteins have been identified as autoantigens, 
but their importance in the diabetogenic process is not known^. 
The non-obese diabetic (NOD) mouse is a murine model for spon- 
taneous IDDM\ Here we determine the temporal sequence of T- 
cell and antibody responses in NOD mice to a panel of five murine 
^-cell antigens and find that antibody and T-cell responses specific 
for the two isofonns of glutamic acid decarboxylase (GAD) are 
first detected in 4-week-old NOD mice. This G AD-spedfic reactiv- 
ity coincides with the earliest detectable response to an islet 
extract, and with the onset of insulitis. Furthermore, NOD mice 
receiving intrathymic injections of GAD65 exhibit markedly 
reduced T-cell proliferative responses to GAD and to the rest of 
the panel, in addition to remaining free of diabetes. These results 
indicate that the spontaneous response to ^ell antigens arises 
very early in life and that the anti-GAD immune response has a 
critical role in the disease process during this period. 

We have cloned and expressed a panel of candidate murine 
^-cell autoantigens. This panel consists of : (I) the two isoforms 
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of GAD, GAD65 andGAD67; (2) peripherin; (3) carboxypepti- 
dase H; and (4) heat-shock protein 60 (Hsp60). (GAD, an 
enzyme required for y-aminobutyric acid synthesis, is recognized 
by T cells and antibodies in preclinical and recent-onset 
diabetics*"*; peripherin is a cytdskeletal protein which is recog- 
nized by antibodies in the serum of NOD mice^ carboxypeptid- 
ase H, expressed in )5-cell secretory granules, is recognized by 
antibodies in the serum of preclinical diabetics^; and Hsp60 
stimulates T-cell and antibody responses in NOD mice''.) It is 
not known, however, whether any of these autoantigens has a 
critical role in the initial events in the diabetogenic process. 

In NOD mice, ^-cell destruction is T-cell-dependent'**"'^ We 
therefore examined T-cell responses against the panel of ^-cell 
antigens in unimmunized NOD mice. T-cell proliferation in 
response to an islet extract was first detected in splenic cell cul- 
tures established from 4-week-oid females (Fig. 16). There was 
a concomitant and significant response to GAD65 and GAD67. 
T-cell responses for peripherin, carboxypeptidase H and Hsp60 
could first be seen in cultures established from 6-week -old NOD 
females (Fig. \c). By 8 weeks of age, NOD mice showed 
enhanced responses to the entire panel (Fig. \d). Furthermore, 
diabetic and 24-week-old non-diabetic NOD females also 
exhibited responses to the panel (Fig. le,/). In contrast, no 
response al any age could be detected with amylin, a 37-amino- 
acid polypeptide found in the insulin secretory granules of fi- 
cells*'* which binds 1-A^^ (data not sho\\Ti). This suggests that 
not all ^-cell antigens become targets for the diabetogenic 
response. Finally, the response to the panel of ^-cell antigens 
and to the islet extract can be completely blocked in cultures 
established from 8-week-old NOD female mice by addition of 
the anti-CD4 antibody GK1.5 (data not shown). Similar treat- 
ment with the anti-CD8 antibody 53.7.3 had no effect on the 
responses. Therefore, we are measuring a CD4^ T-cell prolifer- 
ative response. 

To examine further the in vivo effects of these T-cell responses, 
we measured antibodies specific for the panel of ^-cell antigens. 
No response to the panel could be detected in sera from animals 
of 3 weeks old using an enzyme-linked immunoassay (Fig. 2), 
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In nonobese diabetic (NOD) mice, P-cell reactive T-helper type 1 (Thl) responses develop 
spontaneously and gradually spread, creating a cascade of responses that ultimately 
destroys the P-cells. The diversity of the autoreactive T-cell repertoire creates a major 
obstacle to the development of therapeutics. We show that even in the presence of 
established Thl responses, it is possible to induce autoantigen-specific anti-inflammatory 
Th2 responses. Immune deviation of T-cell responses to the P-cell autoantigen glutamate 
decarboxylase (GAD65), induced an active form of self-tolerance that was associated 
with an inhibition of disease progression in prediabetic mice and prolonged survival of 
syngeneic islet grafts in diabetic NOD mice. Thus, modulation of autoantigen-specific 
Thl/Th2 balances may provide a minimally invasive means of downregulating 
established pathogenic autoimmune responses. 



Insulin-dependent diabetes mellitus (IDDM) results from the 
T cell-mediated destruction of the insulin-producing pancreatic 
P-cells (reviewed in ref. 1-3). IDDM begins with an asympto- 
matic stage during which the p-cells are gradually destroyed. We 
have shown in an animal model of human IDDM, the nonobesci 
diabetic (NOD) mouse, that a T helper 1 (Thl) response to glu- 
tamic acid decarboxylase (GAD65) arises at 4 weeks of age, 
concurrent with the onset of insulitis^ Subsequently, T-cell auto- 
immunity spreads to other p-cell antigens in a cascade oi 
responses that ultimately lead to IDDM (ref. .4, 5). 

In prediabetic humans, circulating p-cell autoantibodies provide 
markers of the ongoing autoimmune process, often years before dis- 
ease onset"'. However, individuals determined to be at risk for 
IDDM are likely to have an established diverse autoreactive T-cell 
repertoire. At this stage, it is not clear how to control the diverse 
repertoire of committed autoreactive T cells and to inhibit disease 
progression. Although immunosuppressants, cytokines and anti- 
bodies agaiBSt T cells can inhibit disease onset in prediabetic 
rodents' ^ such treatments lack specificity and may debilitate im- 
mune system function. Immunotherapeutics directed at blocking 
T-cell receptor-MFiC (major histocompatibility complex) interac- 
tions can be highly specific*""; however, these approaches may be 
confounded by the complexity of the autoreactive T-cell population 
and the genetic diversity of MHCs within the patient population. 
We therefore tested whether an alternative strategy, designed to in- 
duce antigen-specific anti-inflammatory Th2 responses'""", could 
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deter disease development. We show that well after the establish- 
ment of autoimmunit)', administering GAD65 to NOD mice in a 
mode that promotes Th2 responses, can shift the GAD65-specific 
Thl/Th2 balance and can inhibit disease progression. 

Based on the ability of GAD65 administration to protect P-cells 
in prediabetic NOD mice with established autoimmunity, we ex- 
amined whether this treatment could also aid in the reversal of 
IDDM by protecting syngeneic islet grafts in diabetic NOD mice. 
Usually, transplanted syngeneic P-cells are rapidly destroyed in 
diabetic NOD mice bv the same autoimmune mechanism that 
destroyed the original islets''"*\ We found that pretreating recipi- 
ent NOD mice with GAD65 prolonged syngeneic islet graft 
survival without the use of immunosuppressants. Thus, auto- 
antigen administration in modes designed to promote 
anti-inflammatory T-celi responses may provide minimally inva- 
sive therapies to aid the prevention and reversal of IDDM. 

Antigen administration promotes a IgCI response 

Injection of antigen in incomplete Freund's adjuvant (IFA) has 
been recently shown to strongly stimulate antigen-specific Th2 
responses'\ However, NOD mice have been reported to have de- 
ficiencies in Th2 development", and (after 4 weeks of age) have 
an established Thl response to GAD65 (ref. 4), Therefore, it was 
unknown whether it was possible to modulate GAD65-specific 
Thl/Th2 responses in prediabetic NOD mice and whether this 
could interfere with disease progression. 
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Fig. 1 Antigen administration induces antigen-specific 
IgCl antibodies. Animals were treated with P-galactosi- 
dase (A) or CAD65 (O), and antibodies to P-galactosidase 
(o and c) and GAD65 (b and d) were characterized using 
isotype-specific ELISA assays, cand d, IgCl vs. lgC2a an- 
tibody levels for individual mice. The level of CAD65 au- 
toantibodies In the P-galactosidase-treated group was 
similar to that found in unmanipulated NOD mice (data 
not shown). Serial dilutions of sera showed a linear rela- 
tionship with resulting absorbance measures. The back- 
ground absorbance ranged between 0.06 and 0.1. The 
data are represented as the mean absorbance values over 
background of triplicate samples from individual mice (n = 
10 for each group). Experimental and control serum sam- 
ples were tested simultaneously in two separate assays. 
Antibodies to GAD65 or P-galactosidase in sera from un- 
treated BALB/c and AKR mice were at background levels. 
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We treated NOD mice only once v^ith GAD65 or control P- 
galactosidase in IFA at 8 weeks of age, well after the onset of 
insulitis. Four weeks later, anti-p-galactosidase immunoglobulins 
were readily detected in serum samples from the P-galactosidase- 
treated group, but were only slightly above background levels in 
sera from the GAD65-treated group (Fig. \a). High levels of 
GAD65 autoantibodies were present in almost all serum samples 
from the GAD65-treated group, whereas mice injected with P- 
galactosidase had low levels of GAD65 autoantibodies (Fig. \b), 
as did unmanipulated NOD mice (data not shown). The induced 
P-galactosidase and GAD65 antibodies were predominantly IgGl 
(Fig. 1), indicating these treatments primed antigen-specific Th2 
help"'. In individual mice, there tended to be an inverse correla- 
tion between IgGl and lgG2a GAD65 antibody levels (Fig. Id). 

Antigen administration induces a Th2 response 

Traditionally, it has been difficult to define Thl and Th2 activity 
because of the low precursor frequency of antigen-specific T cells. 
We used an improved iELISPOT assay'" to monitor frequency of 
splenic antigen-specific T cells that produce Thl- and Th2-type 
cytokines following the administration of control P-galactosidase 
or GAD65. We observed that P-galactosidase administration pre- 
dominantly primed an increase in the frequency of interleukin-4^ 
IIL-4) and IL-5 secreting p-galactosidase-specific Th2 cells (Fig. 
2a), As expected, P-galactosidase-reactive T cells were infre- 
quently observed in the GAD65-treated group. 



Fig. 2 Antigen administration stimulates the expansion of antigen-specific Th2 cells. 
The frequency of (o) P-galactosidase and (b) GAD65-spectfic IFN-y, IL-4- and IL-5- 
secreting splenic T cells in P-galactosidase (■) and GAD65 (□)-treated mice was deter- 
mined by ELISPOT. Data are represented as the mean number of spot-forming 
colonies (SFC) per 10' splenic T cells ± s.e.m. Samples were tested in triplicate. 
Experimental and control mice were tested simultaneously in two separate experi- 
ments (n = 5 for each group). 



Interferon-y (IFN-Y)-secreting GAD65-specific Thl cells were 
frequently detected in P-galactosidase-treated mice (as previ- 
ously described in unmanipulated NOD mice"*) whereas IL-4- 
and lL-5-secreting GAD65-specific Th2 cells were rarely de- 
tected (Fig. 2b), Following a single treatment with GAD65, 
there was a dramatic increase in the frequency of IL-4- and IL-5- 
secreting GAD65-reactive T cells, which on average were 15- 
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Fig. 3 Adoptive cotransfer of splenic T cells from GAD65-treated mice 
protects recipient mice from IDDM. Splenic mononuclear cells from 
mice treated with p-galactosidase (A) or CAD65 (O) were cotrans- 
fen-ed with T cells from diabetic NOD mice to 5-week-old irradiated fe- 
male NOD mice. A positive control group received cells only from 
untreated-diabetic NOD mice (O). Blood glucose levels were moni- 
tored frequently, and animals were considered diabetic after two con- 
secutive blood glucose levels of >1 3 mmol/1. (n = 1 0 for all groups.) 
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and 10-fold as frequent (respectively) as in the control group 
(Fig. 2b). Furthermore, the average frequency of GAD65-spe- 
cific IFN-Y-secreting T cells in GAD65-treated mice was 68% of 
that found in the control group, suggesting that this treatment 
hmited the expansion of Thl responses to GAD65. Thus, both 
P-galactosidase and GAD65 administration induced antigen- 
specific Th2 responses in recipient mice. 

GAD65 treatnnent prevents adoptive transfer of IDDM 

To examine whether the induced T-cell responses could inhibit 
an established pathogenic autoimmune response, we tested the 
ability of T cells from P-galactosidase- and GAD65-treated NOD 
mice to inhibit the adoptive transfer of diabetes. We observed 
that 90% of the mice receiving a mixture of splenic mononuclear 
cells from P-galactosidase and diabetic mice developed IDDM 
within 5 weeks after transfer — similar to a positive control group 
that received mononuclear cells exclusively from diabetic mice 
(Fig. 3). However, only 10% of the mice that received a mixture of 
mononuclear ceils from GAD65-treated and diabetic mice devel- 
oped IDDM (P < 0.01). Thus, GAD65 (but not p-galactosidase) 
treatment induces potent regulatory cells in prediabetic NOD 
mice that are capable of blocking target tissue destruction by a di- 
verse, activated effector T-cell population. 

GAD65 administration inhibits proliferative T-cell responses 

We tested splenic T cells for proliferative responses to GAD65 
and the immunodominant peptide of heat shock protein (hsp65, 
peptide 277, ref. 18) 4 weeks after treatment. Splenic T cells from 



both mice treated with IFA (alone) and those treated with pi- 
galactosidase displayed strong T-cell responses to GAD65 and 
hsp65 (Table 1), which were similar in magnitude to the re- 
sponses by splenic T cells from age-matched unmanipulated 
NOD mice'. In contrast, NOD mice injected with GAD65 dis- 
played markedly reduced proliferative T-cell responses to GAD65 
(Table 1). As ELISPOT analysis revealed that the frequency of 
GAD65-reactive Thl cells was reduced by only 32% in GAD65- 
treated mice (Fig. 2b), these data suggest that the primed 
GAD65-specific Th2 response actively downregulated Thl prolif- 
eration in vitro. However, responses to control concanavalin A 
(conA) and recall responses to hen egg white lysozyme (HEL) 
were unaffected by GAD or P-galactosidase treatment (Table 1). It 
is interesting that the inhibitory effect was not confined only to 
the administered autoantigen, as proliferative responses to hsp65 
were also reduced in GAD65-treated mice. Indeed, the frequency 
of hsp65-reactive Thl cells, as determined by ELISPOT analysis, 
was reduced by 30% in GAD65-treated prediabetic NOD mice 
(data not shown), suggesting that the induction of GAD65-spe- 
cific Th2 responses limited the inflammatory cascade of P-cell 
reactive T-cell responses. 

CAD65 treatnnent inhibits disease progression 

Examination of the pancreases from 12-week-old control mice 
treated with IFA (alone) or P-galactosidase revealed that all 
islets had infiltrating lymphocytes. The severity of insulitis in 
control animals (Table 1) was similar to that observed in unma- 
nipulated NOD mice'. In contrast, in the GAD6S-treated group. 



Table 1 GAD65 administration inhibits proliferative T-cell responses to P-cell autoantigens and insulitis 



Treatment 






Spleen cells 






Lymph node cells 


Insulitis 
score 


IFA alone 

p-gal. 

CAD65 


p-gal. 
1.1 ±0.2 
4.1 ± 1.9 
1-3 + 0.2 


GAD65 
10.9 ±2.6 
13.1 ±2.9 
4.2 ±0.9 


hsp65 
10.9± 1.9 
11.5 ± 3.4 
7.3 ±2.5 


HEL 

1.0 ±0.2 

1.1 ±0.1 
0.9 ±0.3 


conA 
18.6 ±2.1 
20.3 ±1.4 
18.1 ±1.2 


HEL 
47.8 ±3.4 
50.3 ±2.9 
48.7 ±4.3 


PPD 
52.4 ±4.7 
50.1 ± 3.6 
56.7 ± 3.1 


2.6 ±0.7 
2.1 ±1.6 
1.3±1.3 



lymph node T-cetl recall responses to HEL or purified protein derivative (PPD) were unaffected by treatment with GAD65 or p-galactosidase. 
The background for medium alone ranged from 1300 to 2800 c.p.m. Mice from control and experimental groups were tested 
simultaneously in two separate experiments (using triplicate cultures). None of the antigens induced significant proliferation of splenic T 
cells from BALB/c mice (data not shown). Insulitis score was determined as previously described^", (n = 6 for each group.) 



1350 



NATURE MEDICINE, VOLUME 2, NUMBER 12. DECEMBER 1996 



ARTICLES 



100 • 



O o 

oo ^ 

/ / 




OO 



40 - oo 
O O 

21) - O-O A -OA — O 

o<^ 

// / 

0 eo — -.A- , , , , , 

10 15 2(i 25 30 35 40 45 

Age (weeks) 

Fig. 4 Administration of GAD65 after the establishment of P-cell 
autoimmunity inhibits disease progression. Female NOD mice were 
treated at 8 weeks of age with IFA alone (O), P-galactosidase (A), or 
CAD65 (O). The mice were followed for the onset of hyperglycemia, 
(rj = 1 0 for each group.) 



fO% of the islets were free of lymphocytic infiltrates and insuli- 
tis was less severe. Because the treatments were begun well after 
the onset of insulitis, the presence of some lymphocytic infil- 
trates in GA065-treated mice was not unexpected. Thus, 
administering GAD65 to prediabetic mice inhibited lympho- 
cytic infiltration of the islets. 

Approximately 80% of the control mice developed IDDM by 
35 weeks of age (Kig. 4J, paralleling the disease course observed 
in unmanipulated female NOD mice. In contrast, 80% of the 
GAD65-treated mice showed no signs of hyperglycemia at 40 
weeks of age {P < 0.03). l^rotection from IDDM has also been re- 
ported following administering GAD67 (ref. 19) and GAD65 
(before the establishment of autoimmunity)'" in IFA. We de- 
tected high levels of GAD65 IgGl autoantibodies in the sera* of 
all 40-week-old GAD65-treated mice that remained disease-free. 
However, the two GAD65-treated mice that developed IDDM 
had very low levels of GAD65 autoantibodies at the time of dis- 
ease onset (data-not shown). 

GAD65 treatment prolongs syngeneic islet graft survival 

We next examined whether this therapy could be extended to pro- 
tert transplanted islets from established autoimmune responses in 
diabetic NOD mice. Immediately following the onset of diabetes, 
mice were maintained on insulin and were treated with control 
-antigen, or with one of the following P-cell autoantigens; GAD65, 
'hsp65 (peptide 277), or the B-chain of insulin (which contains the 
immunodominant determinant" "). Following transplantation of 
newborn islets, exogenous insulin administration was discontin- 
ued and no immunosuppressants were used to block rejection. We 
observed that mice treated with the control antigen, the hsp pep- 
tide or insulin B-chain became diabetic approximately 10 days 
post transplantation (Fig. 5). In contrast, GAD65-treated mice re- 
mained euglycemic for an average of 48 days post transplantation. 
The GAD65-treated mice had residual islet cell funaion, which al- 
lowed them to survive in a chronic hyperglycemic state up to 20 
weeks post transplantation (data not shown). 



Discussion 

Inhibiting autoimmune disease progression. IDDM is thought 
to be mediated by proinflammatory Thl type cells. During the 
disease process, autoantigen recognition spreads intermolecu- 
lariy and intramolecularly, creating a major obstacle for the 
design of immunotherapies. We tested whether at advanced 
stages of the disease process, the diverse autoreactive Thl cell 
pool could be downregulated by the induction of an anti-in- 
flammatory Th2 response to a single antigen. As prediabetic 
NOD mice have established Thl responses to GAD65 (ref. 4), as 
well as deficiencies in Th2 development", it was not known 
whether GAD65 administration would promote pathogenic or 
regulatory T-cell responses. 

We observed that a single administration of GAD65 in IFA to pre- 
diabetic NOD mice boosted Th2-dependent IgGl GAD65 anti- 
bodies. HLISPOT analysis revealed this treatment promoted the 
expansion of lL-4- and lL-5-secreting GAD65-reaaive T cells (con- 
firming the activation a GAD65-specific Tli2 response) and limited 
the expansion of IFN-7 secreting GAD65-specific T cells. Thus, even 
after the establishment of Thl autoimmunity, it is possible to addi- 
tionally engage Th2 cells and dramatically alter the balance of anti- 
gen-specific Thl/Th2 cells. We favor the interpretation that GAD65 
administration guided not fully differentiated or uncommitted 
antigen-specific ThO cells toward a Th2 lineage, rather than altered 
the phenotype of activated GAD65-specific Thl cells. 

GAD65 administration markedly reduced proliferative T-cell re- 
sponses to other p-cell autoantigens, the frequency of 
hsp65-reactive T cells and lymphocytic infiltration in the islets. 
Consistent with the induction of an active tolerance mechanism, 
splenic T cells from GAD65-treated mice inhibited the adoptive 
transfer of disease. Finally, GAD65 administration significantly 
reduced long-term IDDM incidence. Collectively, these data show 
that GAD65 administration, even after the establishment of Thl 
responses, can induce a Th2 response, which shifts the Thl/Th2 
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Fig. 5 Administration of GAD65 prolongs survival of syngeneic islet 
grafts in diabetic NOD mice. Islets were transplanted into diabetic 
NOD mice that had been treated with P-galactosidase (A), CAD65 
(O), insulin B-chain (□), or hsp65 peptide (O), and insulin adminis- 
tration was discontinued. Data are presented as time post transplan- 
tation at which hyperglycemia recurred (blood glucose levels 
>1 3 mmol/l). (n = 14 for P-galactosidase, n = 1 7 for GAD65, n = 9 
for insulin B-chain and n = 11 for hsp65.) 
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balance and is associated with inhibition of disease progression. 

Nonspecific immunostimulation (for example, from viral in- 
fection) can reduce diabetes incidence in NOD mice' \ However, 
although P-galactosidase administration induced antigen* 
specific Th2 responses, these responses were not associated with 
inhibition of disease progression. Only the priming of Th2 re- 
sponses to a disease-associated autoantigen (GAD65) induced an 
active form of p-cell tolerance, presumably by targeting an anti- 
inflammatory response to the islets. A similar immune deviation 
process is likely to underlie the protective effects of administer- 
ing other p-cells autoantigens in IFA (ref. 18-22). 

In humans, an inverse relation between humoral and prolifera- 
tive T-cell responses to GAD has been reported in individuals at 
risk for IDDM, and high autoantibody titers to GAD have been as- 
sociated with slower disease progression"". We observed that 
GAD65 autoantibodies remained at high levels in GAD65-treated 
NOD mice that did not develop IDDM, but were at low levels in 
the few GAD65-treated NOD mice that developed disease, consis- 
tent with GAD65-specific Th2 regulation of disease progression 
(see also ref. 25). These findings underscore the possibility that 
the type of T-cell response to GAD65 may be a crucial factor in 
determining the course of the disease. Our data also suggest that 
changes in the pattern of antigen-specific T-cell responses and 
autoantibody isotypes may provide markers to monitor the 
efficacy of immunotherapeutics. 

Reversal of IDDM by islet transplantation. Reversal of IDDM by 
islet transplantation requires the capability of inhibiting both the 
alloresponse to the graft and the autoimmune response that ini- 
tially destroyed the recipient's P-cells. Current strategies to 
prolong graft survival rely on depletion of autoreaaive T cells and 
immunosuppressive drugs'""'. Based on the ability of GAD65 treat- 
ment to prevent the destruction of P-cells in prediabetic NOD 
mice, we tested the ability of this treatment to protect trans- 
planted syngeneic p-cells from the established autoimmune 
responses in diabetic NOD mice. Administering GAD65 to recipi- 
ent diabetic NOD mice before transplantation greatly extended 
syngeneic islet graft survival. Immunosuppressants were not used, 
demonstrating that GAD65 treatment alone can downregulate es- 
tablished autoimmune responses. Although insulin B-chain and 
hsp65 peptide administration did not prolong islet graft survival, 
these treatments have been shown to inhibit disease onset in pre- 
diabetic NOD mice""-^-. We have observed that administration of 
insulin in. IFA induces antigen-specific Th2 responses in predia- 
betic mice, but only one-fourth as many as treatment with GAD65 
0-T., unpublished observations). This 'insulin-specific Th2 re- 
sponse may underlie the protective effects of insulin 
administration in prediabetic NOD mice, but may be insufficient 
to inhibit graft rejection in diabetic NOD mice. Although these 
studies did not address alloresponses, they do show that autoim- 
mune responses can be inhibited via GAD65 administration, 
which may help reduce reliance on immunosuppression in 
human islet transplantation protocols. 

Conclusions. Our work, as well as that of others, demonstrates 
that autoantigen-based immunotherapies can activate immune 
responses that are capable of downregulating an established, di- 
verse autoimmune response. This approach, in combination 
with adjuvants, cytokines or altered peptide ligands that help 
guide an antigen-specific immune response toward one that is 
anti-inflammatory, may provide minimally invasive therapies to 
aid the prevention and reversal of IDDM. 



Methods 

Mice. NOD mice were purchased from Taconic Farms (Germantown, 
New York) and bred under specific pathogen-free conditions. Only 
female NOD mice were used in this study. In our NOD mouse 
colony, tnsulitis begins at 4 weeks of age. The average age of disease 
onset is at 22 weeks, with a&out 80% of the mice displaying \DDK\ 
by 30 weeks of age. 

Antigens. Mouse CAD65 (ref. 26) and control Escherichia coH P- 
gatactosidase were purified as previously described\ The hsp65 
immunodominant peptide'" was synthesized by standard fluorenyl 
methyloxycarbonyl (Fmoc) chemistry and purified by chromatogra- 
phy. Control hen egg white lysozyme peptide HEL„.,j, immunogenic 
in NOD mice, was provided by E. Sercarz. The amino acid composi- 
tion of each peptide was verified by mass spectrometry. Insulin 
B-chain was purchased from Sigma. 

GAD65 autoantibody assays. At 8 vveeks of age, NOD mice received a 
single intraperitoneal (i.p.) injection of 100 ^g P-galactosidase or 
GAD65 in 50% IFA (Gibco BRL, Gaithersburg, Maryland). Four weeks 
later, serum samples were tested for GAD65 and P-galactosidase by 
ELISA. P-Gaiactosidase or GAD65 (Synectics Biotechnology, Stockholm) 
at 1 0 pig/ml was bound to 96-well plates (Nunc, Ruskilde, Denmark), in 
0.1 M NaHCOj, pH 9.6 (P-galactosidase) or pH 8.5 (GAD65) at 4 ^^C 
overnight. The wells were rinsed with PBS and then blocked with 3% 
BSA in PBS for 1 h. Mouse sera was added (0.1 ml of a 1/500 dilution) 
and incubated 1 h at 37 X. Following washing, bound immunoglobu- 
lin was characterized using affinity-purified horseradish peroxidase 
(HRP)-coupled goat anti-mouse IgG+A-nM (H+L) (Pierce, Rockford, 
Illinois), or HRP-coupled goat anti-mouse isotype specific antibodies for 
IgGl and lgG2a (Southern Biotech Associates, Birmingham, Alabama) 
and 2,2'-azino-b/5(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS). Serum 
samples from untreated BALB/c and AKR mice were used as negative 
controls. 

ELISPOT analysis. At 8 weeks of age, mice received a single i.p. in- 
jection of 100 |ig P-galactosidase or GAD65 in 50% IFA, Fourteen 
days later, splenic T cells were isolated and the frequency of P- 
galactosidase and GAD65-specific T cells secreting lL-4, IL-5 and 
IFN-y was determined by using the ELISPOT technique as previously 
described'*, with the exception that CAD65 and P-galactosidase 
(1 00 fig/ml) were used as antigens, and 11 Bl 1 together with bi- 
otinylated BVD6-24C2 (PharMingen, San Diego, California) was 
used for capture and detection of lL-4. The resulting spots were 
counted manually. 

Adoptive transfer of diabetes. Eight-week-old NOD mice were in- 
jected i.p. with 100 ^ig GAD65 or control P-galactosidase in 100 fil 
of 50% IFA and reinjected at 14 weeks of age. Five weeks later, sin- 
gfe-ceTl suspensions of spfenic mononucfear cells were prepared 
from each group, as weN as from unmanipulated diabetic NOD 
mice. Ten million splenic mononuclear cells from the unmanipu- 
lated diabetic mice were mixed with an eq^ual number of splenic 
mononuclear cells from GAD65 or J^galactosidase-treated mice and 
injected^ihtravenously into 5-week-otd femaTelMOD mice that had 
received 500 rad y-irradiation^. Another control group received 1 X 
10' splenic mononuclear cells obtained only from unmanipulated, 
diabetic mice. 

T-cell proliferation assays. Female NOD mice were injected i.p. at 
8 weeks of age with 100 \ig GAD65, or control p-galactosidase, in 
100 ^il of 50% IFA. The mice were reinjected 2 weeks later. At 
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12 weeks of age, splenic T cells were tested for proliferative re- 
sponses to CAD65, hsp65, p-gaiactosidase and the HEL peptide, as 
previously described". 

IDDM incidence. At 8 weeks of age, groups of 10 female NOD mice 
were injected i.p. with 50 ^g GAD65 or control p-galactosidase in 
TOO ^1 of 50% IFA. Another control group received ICQ ^| of 
50% IFA alone. Because there may be a requirement for continual 
antigen presentation^", the mice were reinjected every 6 weeks until 
40 weeks of age. Urine glucose levels were monitored weekly for di- 
abetes by Tes-tape (Lilly, Indianapolis, Indiana). After we observed 
abnormal glucose in the urine, blood glucose levels were monitored 
twice weekly. A recording of two consecutive blood glucose levels of 
>1 3 mmol/l was considered as IDDM onset. 

Transplantation of Islets. Female NOD mice were monitored for the 
onset of IDDM, after which the mice were maintained on 1 .0-1 .5 units 
insulin (Humulin U, Ully) per day. At the time of IDDM onset, mice were 
injeaed with either 100 ^g of CAD65, hsp65, insulin B-chain or control 
P-galactosidase i.p. in 50% IFA. Ten days later the mice were reinjected. 
Ten days after the second treatment, 3000 freshly isolated islets from 
newborn NOD mice were transplanted into the space beneath the kid- 
ney capsule, and humulin administration was discontinued. The mice 
were reinjected every 2 weeks. Recurrence of diabetes is defined as two 
consecutive blood glucose levels of >1 3 mmol/L 
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Neonatal Tolerization With Glutamic Acid 
Decarboxylase But Not With Bovine Serum Albumin 
Delays the Onset of Diabetes in NOD Mice 

Jacob Sten Petersen, AUan E. Karlsen, Helle Markholst, Anne Worsaae, Thomas Dyrberg 
and Birgitte Michelsen ' 



To test the role of glutamic acid decarboxylase (GADgs) I^^cently, interest has been focused on bovine serum albu- 
or bovine serum albumin (BSA) autoimmunity in the ™^ (BSA) (3,4) and glutamic acid decarboxylase (GADgg) 
pathogenesis of diabetes, GADgg or BSA was iiyected (&-8). Antibodies as well as T-celi reactivity against GAD.. 
intraperitoneally into neonatal female NOD mice (100 can be detected in the m^ority of patients with recent-onset 
!^^^ rqI^^^"^ protem) TYeatoient with GADgs, but IDDM (6,9-12) but also several years before clinical onset of 
^om^^^ ^^^^^ ^-gg-^ting that this antigen could be 
Snr^'r^^^^^^^ unportant in the early s^^^ of the d^ease, likewise, anti- 
mice (P = 0,005) and 7 of 14 BSA-treated ^ce had ^""^^^ ^""^^ reactivity agaanst BSA are found in the 
developed diabetes. However, after 79 weeks, 6 of 10 of "^^^^^ of patients with recent-onset IDDM (3,4). Polyclonal 
the GADgs-treated mice were diabetic compared with 9 of ^^^era to BSA have been demonstrated to cross-react with 
10 of the control mice and 12 of 14 of the BSA-treated ^ ^^^^ membrane protein referred to as P69, suggesting 
mice. In GADgg-treated mice without diabetes, insulitis ^ ^SA immune response can trigger islet autoimmunity 
was markedly reduced compared with control or BSA- via mimickinig epitopes (3,16). 

Seated mice (P < 10 *): To further elucidate why GAD Autoantibodies and T-ceU reactivity to GADg. as well as 

becomes an autoantigen, the expression in NOD mice antibodies to BSA have also been reported in the NOD mouse 

in 5-weekK>ld NOD mice c^mSeJ See (T= NOrrli' JnT ^ n'r^^l".' "'^"1^^^ ^"^^'^^ ^ 

0.02). With the occurrence of insulitis (9-15 weeks) the ^''^ foUowed for 25^7 weeks (7,8), emphasizing the 

GAD expression was further increased relative to "^P^^^^e of GADgs as an islet cell autoantigen in the 

5-week-old NOD mice (F < 0.02). In conclusion, GAD, but Pathogenesis of IDDM in NOD mice. However, these results 

not BSA, autoimmunity is important for the development difficult to reconcile with the very low expression of GAD 

of diabetes in NOD mice. Furthermore, concordant with ^ mouse islets. 

the appearance of insulitis, the GAD expression in- In this study, we have therefore addressed two questions 

creased in NOD mouse islets, which could possibly po- First, we have characterized the role of autoimmunity to BSA 

1472^f!8? ^ P-ce"^«cted autoimmunity. Diabetes 43: and GADes in NOD mice. The long-tenn effects of tolerization 

' to either BSA or GADg^ affinity purified from rat brains were 

^gjg/^^gg/gg^ma^^^m^mjj^^^mm^^^ compared by following NOD mice for 79 weeks after neona- 

^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^B tal tolerization. Second, we havef studied the level of age- 

TK^ ^^o^. ^ ' 1,. . J,- ^ related islet GAD expression in NOD mice compared with 

rrr.^^^^^ msuhn-depeudent diabetes mellitus other nondiabetic strains of mice 
(IDDM) is associated with several autoimmune 

SornX"Sl^<fiff'lT°™'lf^ RESEARCH DESIGN AND METHODS 

tionofthe islets ofLangerhans and the presence of a^hk^h- a • , ^at^ 

circulating islet cell antnantihrirlipc n 9-^ nr.o v..^r^.^^•K«oic Antibodies and animals. GADg^ rabbit antisera 1266 and 1263 were 

pSrfhp Shuf e f^^^^^^^^^S .^^'^^ hypothesis to raised and characterized as previously described against the COOH- 

explam the highly selective mechanism of p-ceD destruction terminal and NHs-terminal parts of rat GAD,,, respectively (18,19). GADg 

includes the existence of P-cell autoantigens, which, for monoclonal antibody, specific for GAD^ (19), was obtained from the 

unknown reasons, may direct an autoimmune response ^^^^^oP^^^tal Studies Hybridoma Bank (Baltimore, MD). The following 

toward the islets mouse (all from Bomholtgaard Breeding and Research Centre, Ry, 

in this context, several antigens have been in.plicated. s^LTw^ S T^Jo^^^S'^SZ HlZ^i, 

■ - BALB/c mice, NOD mice, Wistar rats, and Lewis rats. NOD mice used for 

t;^ „ I I '■ " tolerization were all female, and the GAD and BSA iniections were done 

Address correspondence and reprint requests to Dr Jacob Sten Petersen ^^^^"^^f measurements were determined with a Cobas Micra plus 

Hagedom Research Institute, Niels Steensens Vey 6, DK-2820 Gentofte, Denmark' to the manufacturer's instructions (Roche, Grenzach-Wyhlen, 

Received for publication 17 May 1994 and accepted in revised form 28 July 1994. Germany). Mice with blood glucose levels > 13 nunol/1 for >6 days were 

RcT K ' ^^-<^ependent diabetes mellitus; GAD, glutamic acid decarboxylase; considered diabetic. The tolerized NOD mice were maintained under 

h albumin; PBS, phosphate-buffered saline; HLB, hypotonic lysis specific pathogen-free conditions. 

EUSA a"""^^"^^ k pplyaciylamide gel electrophoresis; Purification of GADe, from rat brains. Brains from male and female 

EUS^ enzyme-hnked mmiunosorbent assay; HSA, human serum albumin. Wistar rats (12-25 weeks old) were removed, swollen on ice for 10 min 
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in 10 nunol/1 HEPES (pH 7.4), 1 mmol/l MgCl, and 1 mmol/l EGTA 
(hypotonic lysis buffer [HLB]), and then homogenized with a Polytron 
(Kinematica, Lucerne, Switzerland). The homogenates were centrifuged 
at 100,000 5 for 1 h at 4*'C to obtain cytosolic and particulate fractions. 
The GADgg protein was purified from the cytosobc fraction by inwnuno- 
affinity chromatography using the GADg monoclonal antibody purified 
from culture supernatant and coupled to CNBr-activated Sepharose-4B, 
according to the manufacturer's instructions (Pharmacia, Uppsala, 
Sweden), at 2.5 mg IgG/ml gel. Using I ml of coupled gel in 10 X 50 mm 
columns (Pharmacia), the rat brain cytosolic fraction was 2^)plied at 0.25 
ml/min at 4*'C. The gel was washed in 10 vol of HLB containing 0.5 mol/1 
NaCl and then 10 vol of HLB. GAD^ was eluted with 100 mmol/l glycine 
(pH 3) and collected in tubes containing 100 \l\ of 1 mol/1 phosphate 
buffer (pH 8.8). All eluted samples were analyzed for enzymatic activity 
and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) followed by Coomassie staining. Fractions containing the GADgg 
protein were pooled, dialyzed against PBS at 4''C, and the protein 
concentration determined (Pierce, Rockford, IL). The aflSnity-purified 
GADgs protein was analyzed by SDS-PAGE followed by Coomassie 
staining and immunoblotting analysis with GAD-specific antiserum 
(R1266), which showed the purity to be >95% (data not shown). Almost 
all of liie contaminating proteins distinct from full-length GADgg and 
small amounts of GAD67 were shown by immunoblotting analysis to be 
degradation products from GAD, a- and p-tubulin, and immunoglobulin 
leaking from the affinity column (data not shown). To our knowledge, 
none of these proteins are involved in the pathogenesis of diabetes and 
they consist of <1%, i,e., <1 jjLg/ii\iected animal; therefore, they have not 
been removed. 

GADfig antibody assay. GADgg autoantibodies were measured as 
previously described (12). Briefly, the human GADg^ cDNA (21) was 
transcribed and translated in vitro, according to tiie manufacturer's 
instructions (Promega, Madison, WI), in the presence of [^S)methionine 
(Amersham, Amersham, U.K). The in vitro-translated GADgg was ap- 
plied to a NAP 5 column (Pharmacia), and aliquots containing —30,000 
cpm of in vitro-translated GADgg were used for immunoprecipitation 
with mouse serum with or without the addition of unlabeled af&nity- 
purified recombinant human GADgg as a competitor. The immune 
complexes were isolated with protein A-Sepharose (Pharmacia) and 
washed, and the amount of immunoprecipitated GADgg was quantified 
by scintillation counting. All samples were tested in duplicate. GADgg 
antibody levels were expressed as index values: 

GADgR index = [(cpm of sample - cpm of sample in competition with 
imlabeled GADgj)/ (cpm of positive control - cpm of positive control in 
competition with unlabeled GADgg)]- 

Sera were regarded as positive when GADgg antibody index values 
exceeded the mean plus 2 SDs of GAD 55 antibody indexes in 10 BALB/c, 
10 NMRI, and 10 C57/B1 mice. 

Enzyme-linked immunosorbent assay (ELISA) for detection of 
BSA antibodies. The BSA antibodies were detected as described 
previously (17). In brief, 96-microweU plates were coated overnight with 
5 ^JLg/ml BSA in 50 mmol/l NasCOg/NaHCOa buffer (pH 9.6) and washed 
in PBS. Additional binding sites were blocked by incubation for 2 h at 
37°C with gelatin in PBS. Mouse sera were diluted in PBS and added to 
the plates, which were incubated for 2 h at room temperature followed 
by washing in PBS and incubation for 1.5 h at room temperature with 
rabbit-anti-mouse IgG (H + L) peroxidase-coryugated antibodies 
"(^yrned, San Francisco, CA). After washing, substrate was added 
^^G-phenyTdiamine and TO3% hydrogen peroxide in water) for 30 min. 
The reaction was stopped by adding 2 mol/1 H2SO4, and the absorbance 
^was measured at 490 mm. In competition experiments, the EUSA was 
■j)erformed as described above, but free BSA or human serum albimain 
,XHSA) (HSA was added to the wells at the same time as the mouse 
■serum). 

Immunohistochemistry. Mouse pancreases were fixed in 4% paraform- 
aldehyde, 0.1 mol/1 phosphate buffer (pH 7.2) for 24 h. The tissue was 
embedded in paraffin, and 3-M.m sections were cut on a microtome. 
Immunostaining was done using a Histostain-SP streptavidin irrununos- 
taining kit (Zymed) for rabbit primary antibodies according to the 
manufacturer's instructions. The bound antibodies were detected by 
alkaline phosphatase corrugated to biotin (Dakopats, Glostrup, Den- 
mark)- according to the manufacturer's instructions. Stainings were 
examined on an Olympus microscope (Olympus, New Hyde Park, NY) 
and quantified by National Institutes of Health image analysis software. 
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FIG. 1. Cuinulative incidence of diabetes in female NOD mice tolerized 
intraperitoneally with BSA (n = 14), GAD^ (n = 10), or PBS {n = 10) 
alone. Mice with blood glucose levels >13 mmol/I for >6 days were 
considered diabetic. Mice were followed for 79 weeks (data not shown), 
but the diabetes incidence did not change after 50 weeks of age. 
GAD-treated mice showed a significant delay in diabetes onset compared 
with the BSA- and PBS-treated animals (P < 0.05). 

Paraffin-embedded sections were analyzed for insulitis by staining with 
eosin and hematoxylin. 

Western blottiiig. Islets, isolated as previously described (16), or brain 
tissue were swollen on ice for 10 min in HLB and then homogenized. The 
homogenates were centrifuged at 100,000 g for 1 h at 4°C to obtain a 
cytosolic and a particulate fraction. The cytosolic fraction was diluted in 
20 mmol/l Tris buffer (pH 7.4) and 150 mmol/l NaCl, and the proteins 
were denatured under reducing conditions, subjected to 10% PAGE, and 
electroblotted onto nitrocellulose filters (22). Indirect inununostaining 
was done using l^^Sjmethionine-labeled protein A (Pharmacia). Staining 
intensities were quantified on a Phosphor Image analyzer (Molecular 
Dynamics, Kemsing, U.K). 

Statistical analysis. Statistical analyses included Fisher's exact test. 
Student's t test, and Mann- Whitney U test. The level of significance was 
chosen as 5%. 

RESULTS 

Neonatal toleiization to GADgg and BSA: effects on the 
development of insulitis and diabetes. Female NOD mice 
were ir\jected once intraperitoneally 24 h after birth with 
either 100 BSA (n = 14) or GADgs (n = 10) in PBS. 
Control mice received only PBS (n = 10). The median age at 
onset of diabetes was similar in the BSA- and PBS-ii\jected 
animals (17 weeks, range 15-44 weeks; 17 weeks, range 
lS-32 weeks, respectively) and similar to the expected age of 
spontaneous onset in the parent colony (median 17 weeks, 
range 11-29 weeks). In contrast, the median age at onset of 
diabetes in the GAD-ii\jected animals was significantly higher 
(27 Aveeks, range 19-31 weeks) than in both the BSA- and 
PBS-iru^cted animals [P < 0.06) (Fig. 1). This delay was most 
pronounced at 18 weeks, i.e., 6 of 10 control mice compared 
with 0 of 10 GADes-treated mice (P = 0.005) and 7 of 14 
BSA-treated mice had developed diabetes. However, after 79 
weeks, 6 of 10 of the GADes-treated mice were diabetic 
compared with 9 of 10 of the control mice and 12 of 14 of the 
BSA-treated mice. 

To further ascertain the effect of tolerization with GADgs 
and BSA, the pancreases from diabetic and nondiabetic NOD 
mice were analyzed for the degree of mononuclear ceU 
infiltration in the islets (insulitis). There were no significant 
differences in the degree of insulitis among the diabetic NOD 
mice from any groups (Fig. 2). However, histological exam- 
ination of the pancreases from nondiabetic GADgg-iryected 
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FIG. 2. Characterization of insiilitis in diabetic (+^ anri nnnrfiok^K„ s 
female NOD mice tolerized IntraperitonX ^th BSA ?„ - S^^^^ 

by the foDowing criteria: 0, islets free of insiUitis- 1 <3?% nf rtf.1!w 
infilfa^ted; 2 between 33 and 50% of theS eT^^^atedfand r>5j% of 
^l/^^H^^^.^J'^A-^^'P™^"*''' 10 fro™ eacT^^ were °' 
^SaThH prT^ \° nondiabetic GAD-treated NOD mice (4 Tf 4) vs 

n^i^dia^^^^C%1^dr^^^^^^ — - 



nuce (n = 4) revealed a significant reduction in the intra-islet 
ceU infiltration (P < IQ-O) compared with both the diabetic 
^d^l^e nondiabetic BSA-treated (n = 2) or PBS-treated 
in = 1) NOD mice (Fig. 3). 

Effects on antibody formation. Prospectively sampled 

«nH%Tf P^S^^"^ P'^"^""^ antibodies to GAD,, 

and BSA. GADgg antibodies were quantified by a radioligand 
assay using in vitro transcribed and translated recombinant 
human GAD,, as tracer. None of the 113 serum samples fi-om 
NOD mice uyected with either BSA (n = 14) or PBS (n = 10) 
contained GADgg autoantibodies (Fig. 3A and B) Surpiis- 
ingly, among the GADgs-treated NOD mice, three of four of 
the nondiabetic and two of six of the diabetic animals were 
Fad L^^"" antibodies (Fig- 3C). In some animals, 
CADes antibodies were first detected in serum samples 

obtained before, mdicating that they were not the result of an 
immunization to the iryected GADgg (Fig. 3C) 

BSA antibodies were detected using a quantitative EUSA 
techmque^ Only I40/0 (2 of 14) of the BSA-treated animals had 
BbA antibodies that were significantly lower than in the 

™" °^ ^ both groups [P 

< 0.01]) (Fig. 3D. E, and ^0, thus demonstrating that 
neonatal uyection of BSA inhibited the normal occurrence of 
BSA mimunily found in adult NOD mice. There was no 
l^Tlf^'T ^f^^^"" *e presence or level of BSA antibodies 
and the development of diabetes (Fig. 3D, E, and The 
bmdmg Of NOD sera to BSA could, in aU cakes, be displaced 
by mcubation with an excess of BSA. However, since HSA 
could not inhibit binding (data not shown), the BSA epitopes 
recogmzed by NOD sera are not present ik HSA ^ 
f^TT'^^^'' «^ expression ii. rat and mouse 
islets. Immunohistochemistiy with a GADes/GAD.^specific 
peptide antiserum (R1266). was used to quantify SroS 
expression in NOD mouse pancreases at 5, 9, 12 and 15 
weeks of age (n = 3 in each age-group). Th; expression of 
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GAD mcreased from week 5 to 15 (P < 0.02). This increase 
^ gradual and correlated with the occurrence of insulitis 
(Fig. 4). Comparing GAD expression in NOD and BALB/c 
mic^ showed that pancreases from 9-week-old BALB/c mice 
= 3) (P T^f(^g 4^^ ^ age-matched NOD mice (n 

Since the antiserum (R1266) used for immunohistochem- 
istiy reco^ed both GADg, and GAD^,, it was not possible 
by this techmque to refer the level of GAD expression to the 
individual isofoims. We therefore quantified GAD« and 
GAD67 expression by immunoblotting analysis Islet and 
brai^ tissue from age-matched (7- to 9-week-old) GDI 
BALB/c, and NOD mice as well as Wistar and Lewis rats were 
analyzed using the GAD antiserum R1267 reacting to mouse 
and rat GAD66 and GADg^. This analysis confimed that NOD 
^'^''^^ ""^^^ ^ ^° the nondiabetic GDI 

S^R^i^ ™T ^^65 expression was 

25-38«^ lower and the GADg, expression was 12-13% lower 
(Table 1). Quantifying the isoform-specific GAD expression 
m rat islets revealed that both rat strains expressed ~1 6- to 
2-fold more GADes than GADe, (Table 1). In contrast, mouse 
islets from the three different strains expressed about three- 
more GADg^ than GADgs, but the overall expres- 
sion of GAD was much lower compared with rat islets. Thus 
rat is ets contained -10- to 20-fold more GADe^ and 2- tci 
2.5-fold more GAD67 than did mouse islets (Table 1) These 
differences in levels of GAD expression between rat and 
niouse are islet-specific, because rat and mouse brain tissue 
showed similar high levels of GAD (Table 1). 

DISCUSSION 

We show here that neonatal irxjection with GAD,, protects 
NOD mice from the development of diabetes, whereas 
neonatal treatment with BSA does not affect diabetes devel- 
opment compared with control-treated mice (Fig l) Nondi- 
abetic mice from the GADe^-iAjected group displayed a 
nearly complete absence of intra-islet mononuclear cell 
mfiltration, in contrast to the BSA- and PBS-iiuected mice 
without IDDM (Fig. 2). This observation suggests that GAD^, 
iruecdon prevented not only diabetes but also other islet ceU 
autounmune phenomena. This study also demonstrates the 
""fv!'!^!^''^ °^ ^ follow-up period of NOD mice treated 
with GAD65 or other immunomodulatory agents to ascertain 

^^"^Py- ^"^g *e fii^t 18 weeks, none 
of the GADes-treated NOD mice developed diabetes In 
contrast 60% (6 of 10) of the PBS-treated animals had 
already developed disease (Fig. 1). These effects were only 
temporaiy, however, since 60% (6 of 10) of the GADgg-treated 
NOD mice developed diabetes during the 6G-week obsen^- 
tion penod that foUowed (Fig. 1). Nevertheless, these find- 
ings argue in favor of a critical role of GAD,, autoimmunity 
m the pathogenesis of IDDM in NOD mice 

hi humans, GADgs autoantibodies and T-cell reactivity are 
lound m 70-90% of recent onset IDDM patients (6,9-12) The 
occurrence of GAD,, autoimmunity several years before the 
chmcal onset of disease (13-15) suggests a primary role of 
this autoantigen in the early stage of disease. However, 
Whether the autoimmune response to GAD,, is the conse- 
quence or the cause of p-ceU destruction is not known at 
present. 

hi several neurological diseases, neurons die and conse- 
quently, theu- content is exposed to the immune 'system 
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FIG. 4. Immnitohistocheimca] analysis of GAD^s and GAD^, expression 
in formalin-fixed paraffin-embedded pancreases removed at 9 weeks from 
BALB/cmice U ) and at 5 (B), 9 (C), 12 (D), and 15 (£) weeks of age 
from NOD mice (n = 3 in each age-group). The sections were stained 
with an antiserum recognizing both mouse GAD^^ and GAD^^ (R1266) 
and quantified as described in methods (characterization of the R1266 
antiserum is described in the legend to Table 1). *i* < 0.02, 9-week-old 
BALB/c mice vs. 5- to 15-week-old NOD mice, 5-week-old NOD mice vs. 
9-week-old NOD mice, and 9-week-old NOD mice vs. 12-week-old NOD 
mice. 

without initiating an autoimmune response to GAD. It would 
therefore seem unlikely that the mere release of GAD would 
cause autoimmunity as a result of islet cell destruction in 
IDDM. The data rather suggest that the prediabetic immune 
system specifically is being stimulated toward GADgs reac- 
tivity and that GAD autoimmunity may play a direct role in 
the disease pathogenesis. Thus, tolerizing NOD mice with 
recombinant GADgg from different species and sources, i.e.. 



TABLE 1 

GADgg and GADgy levels in different rat and mouse strains 
analyzed by quantitative immunoblotting analysis 





Islet 


Islet 


Brain 


Brain 


Strain 


GADgs 


GADgT 


GAD65 


GADgy 


NOD 


1.00 ± 0.00 


3.14 ± 0.23 


10.29 ± 0.05 


11.41 ± 2.16 


BALB/c 


0.75 ± 0.01 


2.78 ± 0.16 


12.33 ± 1.74 


10.80 ± 1.67 


CDl 


0.62 ± 0.06 


2.73 ± 0.01 


10.67 ± 0.67 


9.88 ± 0.21 


Wistar 


11.58 ± 1.94 


6.95 ± 0.55 


21.71 ± L35 


12.78 ± 2.09 


Lewis 


13.06 ± 3.68 


6.65 ± 0.36 


22.99 ± 1.56 


11.67 ± 1.35 



Data are means ± SD. Protein (10 ^.g/lane) from either islets or 
brain was used. The values are expressed relative to NOD islet 
GADe5. Characteristics of epitopes recognized by the antiserum 
CR1266) used to quantily the GAD isoform expression were as 
follows. The R1266 antiserum was raised to a 19-amino acid peptide 
at the COOH-terminal end of rat GADgy, which differs from rat 
GAp65 by two amino acids. However, comparing immunoprecipita- 
tiori analysis of [^^SJmethionine-labeled rats islets using GAD- 
specific antibodies (GADg and R1263), removing all GAD present in 
the islet extract, with immunoblotting of the same amounts of islets 
using the R1266 antiserum, demonstrated that the R1266 antiserum 
reacts equally well with GADgB and GAD67 (data not shown). Since 
the amino acid sequence in the peptide used for immunization is 
identical in rat and mouse GADgg (24), sinular reactivity of R1266 to 
rat and mouse GADgs is expected, which has also been confirmed by 
others (24). Mouse GADgy differs at three neutral amino acids within 
the 19-amino acid rat GADe? peptide used for immunization (24). 
However, the finding of similar levels of expression of GAD65 and 
GADgv in rat and mouse brain suggest that the amino acid difference 
does not affect the antibody binding. 
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human (7) and mouse (8), expressed in Escherichia coli or 
Sf9 insect cells, respectively, as well as with native affinity- 
purified GADqs from rat brains used in this study, have been 
shown to prevent or delay the onset of diabetes. 

These observations indicate a primary role of GAD65 
autoimmimity in the development of disease. However, un- 
treated NOD mice without diabetes at 24 weeks of age have 
also been reported to have high T-cell proliferative responses 
to GADgs (8), even though they are not very likely to develop 
the disease at a later time (8). Although T-cell reactivity to 
GADes and GADg? is detectable in NOD mice already at 4 
weeks, the response to whole islet extract is even strongier at 
this early stage (8). Since we have demonstrated that mouse 
islets contain only very little GAD, the reported T-cell 
reactivity against mouse islet proteins wdll most likely have 
to be explained by other autoantigens. Taken togetiier, these 
observations show that although GAD autoimmunity is nec- 
essary, it is not sufficient for the development of NOD mouse 
diabetes. This is further supported by the fact that mice 
immunized with high doses of recombinant GADgg (n = 20 
from four different strains of mice, now immimized three 
times with GAD and followed for 8 weeks) all have normal 
glucose levels (A. Plesner, A.W., T.D., J.S.P., unpublished 
observations). Thus, although GADes tolerization can pre- 
vent the development of spontaneous diabetes in NOD mice, 
disease is not easily induced by immunization. 

Autoantibodies to GADgs have been reported in NOD mice 
(8), but because we and otiiers (23,24) have not been able to 
detect GADgs antibodies in untreated mice, their levels may 
be very low or absent. It was therefore surprising that 5 of 10 
of the GADgg NOD mice were positive for GADqs antibodies, 
since the neonatal tolerization. could be expected to inhibit 
the immime response (Fig. 33). The GADgs antibodies ap- 
peared in some animals as late as 11-19 weeks after the 
ir\jection and were therefore not Ukely to result from immu- 
nization to the injected GADgs (Fig. 3C). CD4'^ Thj- and 
Thg-cells are characterized by promoting cellular or himioral 
immunity, respectively (25). Furthermore, CD4'*" Thg-cells 
have been suggested to inhibit CD4'^ Th^-dependent cellular 
immunity by secretion of interleukin-4 (among others), and 
CD4'' Thi-cells have been suggested to inhibit CD4'' Thg- 
dependent humoral inummity by secretion of 7-interferon 
(24). The apparent paradox that imtreated NOD mice have 
no detectable GAD autoantibodies and that GADgg-irxjected 
mice do have them could therefore be explained if neonatal 
GADgs treatment promotes/induces CD4'^ Thg-cells, which 
wdll stimulate humoral immunity and inhibited CD4"^ Thj- 
dependent celliilar immunity. GADgg-specific CD4"^ Tn^ells 
from untreated NOD mice have been shovm to secrete high 
amounts of 7-interferon (7). The lack of GADgs antibodies in 
BSA-treated, PBS-treated, and imtreated NOD mice could 
therefore be explained by a predominant Thj response in 
these diabetes-prone animals. In concordance with these 
speculations, it has been shown that administration of inter- 
leukin-4 to NOD mice completely prevented diabetes, al- 
though this study provided no data regarding induction of 
Th2- versus Thj-cells (26). 

The autoantigenic properties of GAD in NOD mice islets 
are not well understood, but the level of GAD in the islet 
would be expected to influence the autoimmune process. We 
therefore investigated islet GAD expression in NOD mice 
compared with other nondiabetic strains of mice. Intrigu- 
ingly, NOD mouse islet GAD levels were high when com- 
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pared with nondiabetic strains of mice (Fig, 4 and Table 1). 
This elevated GAD expression seented to correlate with the 
occurrence of insulitis, Le., the GAD expression gradually 
increased from 5 to 15 weeks of age (P < 0.02). Whether this 
increase is caused by lymphokines released during the 
insulitis process or by the increased metabohc demand on 
the remaining 3-cells is not known. Findings from several in 
vitro studies have demonstrated that high glucose increases 
the GADes expression (27,28). The NOD mice pancreases 
analyzed between 5 and 12 weeks of age, which all showed 
elevated GAD expression compared with BALB/c mice (Fig. 
4 and Table 1), were, however, normoglycemic (data not 
shown). These data suggest that high glucose levels by 
themselves are not responsible for the increased GAD ex- 
pression observed in the in vitro studies, but rather that the 
effect of glucose on GAD expression is mediated by the 
increased functional demand on the pancreatic p-cells asso- 
ciated with the decline of P-ceD mass in the prediabetic NOD 
mice. Several studies have demonstrated that prophylactic 
insulin treatment in NOD mice decreases the incidence of 
diabetes (29,30). It is tempting to beheve that these data 
could be explained by an inhibition of the functional activity 
of the p-ceUs and their subsequent decreased GAD expres- 
sion. Taken together, these data suggest that the increased 
GAD expression in NOD mice islets could potentiate the 
autoimmune response, leading to disease. 

Eaw's milk proteins have been imphcated as a possible 
trigger of p-cell autoimmunity and IDDM (3). Studies in NOD 
mice and humans have revealed that almost all diabetic 
patients and NOD mice have antibodies to BSA (3,17). 
Additionally, antibodies raised against a 17-amino acid BSA 
peptide, kno\Mi as the ABBOS peptide, were found to 
cross-react with a 3-cell membrane protein (P69), which may 
represent the target antigen for milk-induced P-cell-specific 
immunity (3). Our study confirmed the presence of BSA 
antibodies in NOD mouse sera. The fact that the binding 
could not be inhibited with HSA (data not shown) indicates 
that the epitope recognized could be ABBOS, since the 
ABBOS peptide is different in HSA. However, we have now 
shown that tolerization with BSA significantly reduced the 
prevalence of BSA antibodies, but did not affect the occur- 
rence of diabetes (Fig. 3), and there was no correlation 
between onset of disease and the level of BSA antibodies. It 
is therefore unlikely that BSA immunity is of importance in 
the pathogenic process leading to diabetes in NOD mice. 

In conclusion, the findings presented here strongly indi- 
cate that autoimmunity toward GADgg, in contrast to BSA, is 
important in the pathogenesis of NOD mouse diabetes. 
/Furthermore, the increased GAD e3q;)ression observed with 
.the occurrence dlThsulitis could be peculated to amplTEy or 
even cause the autoinunune response leading to disease. 
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changing the physical state of such tolerogenic substances by heating, which 
causes aggregation of proteins, or by incorporation into adjuvants converts 
them to potent immunogens. 

4. Dosage of the substance may be critical. An important observation, 
first made by Mitchison, is that tolerance can be induced by opposite extremes 
of dosage. The initial studies, showing that tolerance can be induced in adult 
animals, were accomplished by the use of relatively large doses of antigen, 
given repeatedly over long periods of time. Very small doses given similarly 
were also found to induce tolerance. Intermediate doses resulted in immunity. 

5. Non-metabolizfible substances may be tolerogenic. Pneumococcal 
polysaccharides and synthetic D-polypeptides (made with D rather than L 
isomers of amino acids) are resistant to enzymatic digestion. These substances 
are immunogenic when administered in veiy low quantities (1 ftg), but slightly 
higher doses (10 ^g) induce a long-lasting state of specific tolerance. One 
contributing factor in this case is that, although pneumococcal polysaccharide 
Sin (for example) is phagocytized, it is not digested and is repeatedly released 
back into circulation, ^here it can bind to antibody and prevent its detection in 
serum. 

ROLE OF ACCESSORY CELLS IN TOLERANCE 

The following observations led to the conclusion that an antigen-process- 
ing cell, like the macrophages discussed previously, is central to the outcome 
of the immune response. Generally, if andgen reaches this type of cell, 
immunity results; if the processing cell is bypassed^ some form of tolerance is 
induced. Thus, destruction of accessory cells by various agents, before antigen 
is given, leads to tolerance, and tolerance is easily induced in newborns with 
small or absent populations of accessory cells. Furthermore, differences in the 
ease with which tolerance can be induced in certain mouse strains reside in the 
properties of macrophage-like cells. 

ROLES OF T AND B LYMPHOCYTES IN TOLERANCE 

Soon after the phenomenon of cooperadon between T and B cells in 
humoral immune responses became established, the conceptual and experimen- 
tal approach to the study of tolerance was reappraised. The immediate ques- 
tions dealt with the issue, of whether the T or the B cells were affected by 
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DIABETES VACCINE COMPLETES PHASE-I 
CLINICAL TRIALS. 

Diamyd Inc., a biotech company with headquarters in Stockholm, Sweden, 
announces that the bulk product for its type-1 diabetes vaccine, Diamyd™ , 
has completed a Phase-I clinical study in man. 

This was reported by Dr. John Robertson, Director of Research & Development, 
at a scientific meeting in Miami organized by the National Institute of Diabetes & 
Digestive & Kidney Diseases on January 10th. 

"The successful completion of our Phase-I clinical study, basically gives green 
hght for further development of the Diamyd™ diabetes vaccine" concluded Dr. 
Robertson. As a consequence, the company plans to seek permission to conduct a 
Phase-II clinical study in about three months. 

Diamyd™ is the proprietary name for recombinant hxmian GAD65 (glutamic acid 
decarboxylase). The company's development is based on its strong Intellectual 
Proprietary Rights for the GAD-molecule including several exclusive licensing 
agreements with the University of Gainesville, FL, the University of Washington, 
WA, and the UCLA, CA. 

"The Diamyd vaccine is plaimed to reach the market by the end of year 2004", says 
Anders Essen-MoUer, president and CEO of Diamyd Medical. 
"If successful, we are looking at US$ 360 million in sales by year 2005 which 
according to our calculations corresponds to 2% of the potential market and a price 
of US$ 1500 per vaccination. We hope to strike an agreement with a suitable 
partner in due time and if so the company estimates its net income to US$ 70 
million for the year 2006 and to US$ 100 million for the year 2007". 

As previously reported in the scientific literature, several studies with GAD65 
using the mouse model for the disease have shown that: 

1) Transfer of GAD reactive lymphocytes between animals transfers disease. 

2) Prevention of GAD-expression in beta-cells prevents disease 

3) Administration of GAD to diabetes prone animals prevents disease 
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Based on these efficacy data, Diamyd Medical is currently developing GAD65 as a 
biopharmaceutical for treatment and/or prevention of type-1 diabetes. Results of 
preclinical studies have previously confirmed that there were no concems regarding 
the use of the DiamydTM Bulk Product for Phase 1. 



The Phase I trial was designed solely to address clinical safety of the product and 
was started in February 1999. 24 healthy male Caucasian volunteers were selected 
for inclusion in this double-blind study involving sub-cutaneous injection of one of 
4 ascending dose levels up to a maximum of 0.5mg/person. Additional inclusion 
criteria for this study were the absence of HLA DR3/DQ2 and HLA DR4/DQ8 
genes, and absence of autoantibodies to GAD65, insulin, or IA-2. 

The study outcome was as follows: 

1. There were no adverse clinical effects 

2. A dose of O.Smg/person was well tolerated 

3. Auto antibodies to GAD65, insulin or IA-2 were not induced 

hi April this year Diamyd Medical plans to apply for regulatory approval to 
conduct a multicenter Phase 11 study in LADA (Latent Autoimmune Diabetes in 
the Adult) patients in Europe. This study will involve subcutaneous administration 
of up to O.Smg/person via a prime and boost regimen using GMP quality 
DiamydTM formulated with the humoural adjuvant alum. The Phase n study is 
intended to enable selection of doses and surrogate tolerance assays for further 
clinical development. 

There are about 1.5 million diagnosed type-1 diabetes patients in the US alone 
according to the National Diabetes Foundation. In addition recent evidence 
suggests that an equal amount of patients originally diagnosed as type-2 diabetes 
patients in fact have the type-1 form of the disease, 

A successful Diamyd vaccine could: 

1 protect individuals at increased-risk for type-1 diabetes 

2 preserve residual beta cell mass in recent-onset type-1 diabetes patients 

3 prevent type-1 disease in patients diagnosed with the type-2 form of the disease 

4 prevent recurrence of type-1 diabetes in patients receiving pancreas or islet cell 
transplantation. 

The text in this press release contains certain historical and forward looking 
statements. Such statements include a number of risks and uncertainties and no 
guarantees whatsoever are given that such statements do not contain errors or that 
any plans or predictions will be realized. A more complete description of risks is 
available at Diamyd Medical and should be read before making an investment in 
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the company?s stock A description of the company is available in the Annual 
Report dated November 1999, 

For further information about Diamvd MedicaL pleas e contact: 

Diamyd Medical AB 
Djurgardsbrunnsvagen 54 
115 25 Stockholm 
SWEDEN 

tel: +46-8-6610026; fax: +46-8-6616368 
e-mail: anders(5),diamvd.com 

For trading information please contact your stock broker or 

Erik Penser Fondkomission AB 

Box 7405, SE-103 91 Stockhobn, Sweden, 

tel: +46 8 463 80 00, fax: +46 8-611 27 19. 
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Stockholm, June 14, 2003 

DIAMYD REPORTS SUCCESSFUL CLINICAL PHASE II TRIAL 
WITH DIABETES VACCINE 

Diamyd Medical AB, publicly traded on the Stockholm Stock Exchange in Sweden (0-list), 
today reported a positive outcome from a phase II trial with its GAD-based diabetes 
vaccine Diamyd^"^. The results may lead to a new treatment to prevent type 1 diabetes. 

The presentation of the results took place at the American Diabetes Association (ADA) 
convention in New Orleans, by Dr. Ake Lernmark, University of Washington, Seattle. "My 
opinion is that this phase II study has been tremendously successful", says Ake Lernmark 
"Not only is it now shown that the Diamyd^*^ vaccine can be safely administrated in a wide 
range of doses, but a clear and significant positive effect (P=Q.01) of the vaccine was 
found at one of the dose levels six months from first vaccination. It is also important to 
note that the trial was conducted to the highest standards which ads further weight to its 
results." 

"We could not have hoped for better results. The Diamyd^" vaccine is safe and we have an 
effective dose to go on with", says Anders Essen-Moller, President and CEO of Diamyd 
Medical. 

In type 1 diabetes, the immune system mistakenly destroys the insulin-producing cells in 
the pancreas in an autoimmune attack. Over time, this attack leads to a lack of insulin, 
the hormone that controls blood sugar levels. People with type 1 diabetes must inject 
insulin daily. 

In type 2 diabetes, patients normally continue to produce their own insulin but are less 
sensitive to it. Therefore these patients may be treated with tablets to increase their 
sensitivity to insulin. A large group (about 10%) of the type 2 diabetes patients have 
antibodies to GAD. These patients are called LADA and suffer from a similar autoimmune 
attack as the type 1 diabetes patients, which leads to the need for insulin injections. 

Diamyd Medical conducted the phase II clinical trial by vaccinating patients with recently 
diagnosed LADA. The GAD-vaccine successfully improved these patients' C-peptide levels 
and therefore their ability to make insulin over a six-month period, compared with 
patients who received a placebo. 

"The study shows that the vaccine is safe and that it is possible to inhibit the autoimmune 
attack on the cells that make insulin, thereby slowing the progression of the disease," said 
Essen-Moller. 

The vaccine to prevent type 1 diabetes arose from experiments with diabetes prone-mice 
that were protected from developing the disease by injecting GAD-protein. "It's 
tremendously satisfying to see our work at UCLA go from the lab to a clinical application 
with the potential to help so many people" said Daniel Kaufman, Ph.D., Professor, UCLA 
Department of Molecular and Medical Pharmacology, whose research team was first to 
develop and test a GAD-vaccine in diabetes-prone mice. 

Diamyd Medical's phase II trial was conducted on 47 diabetes patients with the GAD- 
based vaccine Diamyd^" at the UMAS hospital in Malmoe and St.Gorans Hospital in 
Stockholm, Sweden. The patients were randomly divided into four groups with 12 patients 
in each group. Each patient received one first injection of Diamyd^" followed by at least 
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one boost injection four weeks after. Nine patients in every group received active drug 
whereas three received placebo. The groups received different doses of the vaccine 
ranging from 4 to 500 micrograms per dose. All patients visited the hospitals 10 times 
during this six-month study, and detailed clinical, immunological as well as neurological 
investigations showed no safety concerns at the administered dose levels. 

The study results show that the diabetes vaccine significantly improves the serum C- 
peptide levels both at fasting (P=0.01) and after meals {P=0.02) at one of the doses. 

''Since the vaccine seem effective when given to people with an advanced disease, we are 
hopeful that it will be highly effective when given at eariier stages of the disease process- 
we now know that type 1 diabetes takes years to develop and that we can detect people 
who are at early stages of the disease process by testing for GAD autoantibodies in their 
blood" said Essen-Moller 

"We will now continue to analyze the results from this study" says Essen-Moller. The 
future for the Diamyd^*^ diabetes vaccine is promising". 

Diamyd Medical is identifying and developing therapeutic candidates through phase II. 
The Company's intention is thereafter to seek co-operation with established 
pharmaceutical companies for further development. Diamyd Medical is pursuing various 
GAD-based development projects of which the GAD-based diabetes vaccine Diamyd^" is 
the most advanced at this time. Diamyd Medical has licensed exclusive and woridwide 
intellectual rights for therapeutic use of GAD from the Universities of California in Los 
Angeles and University of Florida in Gainesville, Florida. 

The first application for Diamyd^" is older patients with adult onset diabetes with GAD 
antibodies since this patient group progress to full insulin dependence within a few years. 
The market for this application may be in the area of one billion US dollars per year. 
Future studies will address whether the vaccine can also* prevent the development of type 
1 diabetes in young people that have not yet developed the disease. With the availability 
of a potential therapeutic, the pre-diagnostic tests for who is at risk for developing the 
disease (based on the detection of antibodies to GAD and other islet proteins), becomes 
quite valuable. Diamyd has an extensive array of pre-diagnostic kits for detecting 
autoantibodies to these proteins. Additional possible applications of the vaccine are to 
prevent recurrent autoimmune diabetes after transplantation of islet cells and stem cell 
therapy. 



About Diamyd Medical: 

Diamyd Medical's business Idea is to identify and develop pharmaceutical projects up to 
and including Phase II. At present Diamyd Medical is running a number of GAD-based 
development projects and has the licensed rights for this from universities in the US. 



For further information, please contact: 

Johannes Falk, Diamyd Medical AB (publ). 

Phone: +46 8-661 00 26, +46 8-661 12 25, 

fax: +46 8-661 63 68, or via e-mail: info@diamyd.com 

No guarantee is given or implied for the accuracy of any statements on present, historical 
or future results. 
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The pancreatic islet ^-cell autoantigen of relative 
molecular mass 64,000 (64KX which is a major 
target of autoantibodies associated with the 
development of insulin-dependent diabetes mel- 
litus (IDDM) has been identified as glutamic acid 
decarboxylase, the biosynthesizing enzyme of the 
inhibitory neurotransmitter GABA (y-aminobutyric 
acid). Pancreatic j3 cells and a subpopulation of 
central nervous system neurons express high 
levels of this enzyme. Autoantibodies against 
glutamic acid decarboxylase with a higher titre and 
increased epitope recognition compared with those 
usually associated with IDDM are found in stiff-man 
syndrome, a rare"" neurological disorder character- 
ized by a high coincidence with IDDM. 



The cell-specific destruction of pancreatic j3 cells, which pre- 
cedes the clinical onset of insulin-dependent diabetes mellitus 
is believed to be mediated by autoimmune mechanismsV The 
autoimmune phenomena associated with the disease include 
massive lymphocytic infiltration of islets" and circulating 
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autoantibodies to /3 cells^. A 64K ^-cell autoantigen is a target 
of autoantibodies in this disease*. The 64K autoantibodies are 
present in ^80% of newly diagnosed IDDM patients and have 
been detected up to several years before clinical onset of IDDM 
concomitant with a gradual loss of ^ cells^'\ The 64K antigen 
was found to be ^ cell-specific in an analysis of several tissues 
which did not include the brairi^ The 64K autoantigen in ^ 
cells is detected as a hydrophilic soluble 65K form and a 64K 
hydrophobic form which can be both membrane bound and 
soluble (H. Schierbeck, L. Aagaard and S.B.. manuscript submit- 
ted). The 64K forms can be resolved into two components, o 
and ^ (ref. 9). The function of the 64K protein in the ^ cell 
has remained elusive. 

Most patients with a rare but severe neurological disease 
called stifi-man syndrome (SMS) have autoantibodies to G ABA- 
secreting neurons. Glutamic acid decarboxylase (GAD), the 
enzyme that synthesizes GABA from glutamic acid, is the pre- 
dominant autoantigen'"-". Surprisingly, almost all patients posi- 
tive for the autoantibody to GABA-secreting neurons are also 
positive for islet cell cytoplasmic antibodies, as demonstrated 
by immunofluorescence of pancreatic sections, and a significant 
fraction have IDDM". GAD is selectively expressed in GABA- 
secreting neurons in the central nervous system (CNS)'". Outside 
neurons, GAD is found at high levels in pancreatic j3 cells'^' 
There are at least two isomers of GAD in brain, which are 
^ resolved by differences in their mobility on SDS-poIyacrylamide 
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gel electrophoresis; their molecular weights have been described 
•as 59-66K: (ref. 16). 

Because IDDM is the autoimmune disease that is most often 
associated with SMS and because some of the characteristics 
of GAD and the 64K autoantigen are similar, we hypothesized 
that they were the same protein. Here we demonstrate that the 
64K autoantigen in IDDM is the same as GAD in pancreatic 
^ cells. 

Immunoprecipitation of 64K autoantigen 

We first assessed whether serum S3» a sheep antiserum raised 
against purified rat brain GAD", and sera from SMS patients 
positive for GAD antibodies'°''\ could immunoprecipitate the 
64K autoantigen from rat islets. We used [^*S]methionine- 
labclled rat islet cell fractions partially enriched for the 64K 
antigen (S-100 DP, Fig. 1). The sera positive for GAD antibody 
(anii-GAD sera) immunoprecipitated a doublet of ["S]methion- 
inc-labclled proteins, which on SDS-PAGE have the same 
mobility as the 64K or/^ autoantigen immunoprecipitated by 
IDDM sera'' (Fig. la. lanes 4-9). 

To assess whether the proteins recognized by the anti-64K-sera 
and by anti-GAD sera were the same, supematants resulting 
from immunoprecipitation with anti-GAD sera were sub- 
sequently reprecipitatcd with anti-64K IDDM sera. Similariy, 
supematants resulting from immunoprecipitation with anti-64K 
IDDM sera were reprecipitated with anti-GAD sera. Results 
from those experiments showed that anti-GAD sera, and 
anti-64IC sera each quantitatively removed the protein 
recognized by the other group of sera, demonstrating complete 
cross- reactivity between "anti7GAD sera and anti-64IC sera, 
and strongly suggesting that the 64K protein is the same as 



GAD in rat islets (Fig, la, lanes 10-20). 

Trypsin digestion of ["'^S]methionine-labelIed islet cell 
extracts followed by immunoprecipitation showed that a 55K 
immunorcaciive fragment was formed from both the 64K protein 
and GAD. further verifying their common identity (Fig. 16). 
Furthermore, two-dimensional analyses of GAD immuno- 
precipitated from ["S]meihionine-label!ed islets with the S; 
antiserum revealed an identical pattern to that described for the 
64K protein (H. Schierbeck, L. Aagaard and S.B., manuscript 
submitted; and ref. 9) (results not shown). This pattern was also 
the same as the two-dimensional pattern of pancreatic and brain 
GAD shown by western blotting of two-dimensional gels with 
the S3 serum (see Fig. 5a). 

Immunoprecipitation of GAD 

We next analysed whether anti-64K sera could immunoprecipi- 
tate GAD from brain and islets. Membrane and soluble fraaion: 
were prepared from brain and islets and immunoprecipitated 
with serum S3, anti-GAD SMS sera, anti-64K IDDM sera, and 
control sera. Presence of GAD in the immunoprecipitates was 
analysed by western blotting. The blots were probed with serum 
S3 or serum 7673. a rabbit serum raised to a synthetic 17-amino- 
acid peptide corresponding to the carboxyl terminus of the larger 
rat brain GAD isoform (ref. 18; and D, Gottlieb, personal 
communication) (M.S, and A.R., unpublished data). Both sera 
gave identical results. Figure 2 shows a western blot containing 
some of such immunoprecipitates probed with serum S3. As 
expected, an immunoreactive band with the electrophoretic 
mobility of GAD was detected in imniunoprecipitates obtained 
with anti-GAD sera (Fig. 2, lanes 11, 12, 16): Aband ofidcntical 
mobility was visualized in all immunoprecipitates obtained with 
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FIG. 1 Anti-GAD sera and anti-64K IDDM sera recogn- 
ize the same protein in rat islets, a Fluorogram of an 
SDS-PA(£ showing Immunoprecipitation of Triton X- 
114 detergent phase cytosollc fraction from 
l^^lmethionine-tabelled rat islets (S-100 DP) with 
anti-GAD sera. anti-64K IDDM sera and control sera 
Lanes 2-9, samples from a single immurxipreciplta- 
tion with sera indicated at the top of each lane: lanes 
10-20, samples from a second immurwprecipitation 
of supematants remaining after a first immunoprecipi- 
tatioa Sera used for the first and second 
immunoprecipitatiofis are indicated at the top of each 
lane. Sera used for the immunoprecipitation were: C, 
sera from healthy irxlividuats: SMS, sera of SMS 
patients previously shown to be GAD antitwdy posi- 
tive": I. sera from newly diagnosed anti-64K-positlve 
IDDM patients^ (numbers indicate patient codeh S3, 
a sheep antiserum raised to purified rat brain GAD^^. 
Relative molecular mass markers are shown in lane 
1 (M, xlO~^). The anti-GAD sera Immurroprecipitate 
GAD from supematants after immunoprecipitation 
with control serum (lanes 10 and 19). but not from 
supematants after immunoprecipitation with anti-64K sera (laries 11 and 
18). The anti-64K sera immunoprecipitate the 64K protein from super- 
natants after immunoprecipitation with control serum (lane 16). but not from 
supematants after immunoprecipitation with anti-GAD sera (lanes 13-15). 
The Uiple band represents the 65K form and 64K a and forms of the 
64K autoantigen (K Schierbeck. L Aagaard and SB., manuscript submitted). 
b. Ruorogram showing immunoprecipitation of the 64K protein and GAD 
from S-100 DP of [^] methionine -labelled rat islets before (lanes 2-4) and 
after (lanes 4-10) trypsin digestion. Serum codes are as in legend for a 
NSS is a preimmune sheep serum. Trypsin digestion results in a 55K 
immunoreactive fragrnent that is recognized by both anli-64K sera and the 
anti-GAD serum S3. ' " 

METHODS. Neonatal rat islets were isolated and labelled with (^Imethio- 
nine as described®. Islets were swollen on ice for lOmin in 10 mM hEPES. 
pH 7.4,' 1 mM Mga^ and 1 mM EGTA (hWE buffer) and then homogenized 
by 20 strokes in a glass homogenlzer. The homogenate was centrifuged at 
ZOOQg to remove cell debris and the postnuclear supernatant centrifuged 
at 100.000^ for 1 h to cbiain a rjytosol (S-lOO) and a particulote tP-100) 
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fraction. Amphiphtlic proteins were purified from the S-100 fraction by a 
modification of the method described by Bordier^® for Triton X-114 (TX-114) 
phase separation. S-100 fraction was made 1% in TX-114. warmed at 37 
for 2 min to induce TX-114 phase transition, and centrifuged at 15,000^ 
for 2 min to separate the aqueous and detergent phases. The detergent 
phase was diluted in 20 mM Tris buffer. pH 7.4, 150 mM NaCi' (TBS) anri 
immunoprecipitated as described' using DP from 300 islets for eacr. 
immunoprecipitate. Immunoprecipitates were analysed by SDS-PA(3E (10%' 
and processed for fluorography^*. For the trypsin digestion. S-100 DP from 
4.000 islets was diluted to 200 ^.I in TBS. Trypsin (0.74 units) was added 
and the sample was incubated for 1 h at 25 ^C. The reaction was stopped 
by addition of 10 mJ 10 mM HEPES. 5 mM EDTA. 5 mM pyrophosphate. 5 mM 
benzamidine-HCI. pH 7.5. Digested and undigested material was 
immunoprecipitated and the immunoprecipitates analysed Ijy SDS-PAC£ 
(15%). Antl-64K sera were from three newly diagnosed IDDM patients . 
control sera were from two healthy Individuals. SMS sera were from 
three anti-GAD -positive individuals^^. The S3 antiserum was a gift from 
i. J. Kopin. 
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anti-64K sera (7/7) (Fig. 2, lanes 1-7, 14). but not in those 
obtained with control sera (Fig. 2. lanes 8-10, 13, 15, 17). These 
results demonstrate that the protein immunoprecipitated 
from brain and islets by anti-64K sera is indistinguishable 
fnm GAD. 

64K protein has GAD enzyme activity 

If the 64IC autoantigcn is GAD, then the 64K protein should 
have the enzymatic properties of GAD. We therefore investi- 
gated whether GAD enzyme activity could be removed from 
islet and brain cell lysates by immunoprccipitation with an 
anti-64K IDDM scrum, and whether GAD activity could then 
be measured in the immunoprecipitates. Brain and islet cell 
fractions were immunoprecipitated with increasing amounts of 
an anti-64K IDDM serum, and the GAD enzyme activity 
Treasured after immunoprccipitation in both supematants and 
pellets (Rg. 3a, b). Immunoprccipitation with increasing 
amounts of anti-64K serum but not with control serum removed 
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FIG. 2 Anti-64K antibodies immunoprecipilate GAD from brain and islets. 
Western btot of immunoprecipitates of rat brain (S-100 DP) and islet cell 
{P-100 DP) fractions obtained with anti-64K sera and anti-GAD sera. The 
biot was probed with the S3 serum. Sera used for the immunoprecipitation 
are indicated at the top of each lane by the same, codes as in Rg. l. The 
64K protein immmoprectpttated from both brain and tstets Is immunostained 
by anti-GAD antibodies. In the gel shown GAD migrated as a single band 
METXJDS. Neonatal rat brain was homogenized at 4*0 in seven volumes 
of h*^ buffer followed by centrifugation at 100,000^ for 1 h to obtain 
S-100 and P-100 fractions. S-100 DP was prepared and alkjuots (1^13 brain 
per lane) immunoprecipitated as described In the leger>d to Rg. 1. P-100 
was prepared from neonatal rat islets and extracted in 200 ml TBS with 
1% Triton X-114 for 2 h at 4 "C (ref . 9). P-100 DP was prepared as desaibed 
for S-100 DP and aliquots (1,500 Islets per lane) Immunoprecipitated. 
immunoprecipitates were subjected to SDS-PAGE followed by electroblotting 
to a PVDF membrane (tmmobilon)^, probing with the S3 serum and visualizing 
by alkaline phosphatase-conjugated rabbit anti-sheep IgG. 



the GAD activity from both brain and islet cell lysates in a 
dose-dependent manner, and, in parallel, increasing amounts 
of GAD activity appeared in the immunoprecipitates. The GAD 
activity recovered in the immunoprecipitates did not *;count 
for all the activity lost from the supematants, probably owing 
to an inhibiting effect of antibodies on enzyme activity. For islet 
cell extracts from [^^S]methionine-labeIIed islets, SDS-PAGE 
revealed that the only islet cell protein specifically detected in 
the immunoprecipitates obtained with the anti-64K IDDM 
serum was the 64K autoantigcn (see Fig, 1). Thus the GAD 
enzyme activity measured in immunoprecipitates obtained with 
the anti-64K IDDM serum is a property of the 64K autoantigcn. 

Brain and /3-ceil GAD 

Analysis of GAD enzyme activity in neonatal and adult rat 
tissues showed that the expression of GAD is high in brain and 
islet cells and is either absent or low in a variety of other tissues 
(results not shown), confirming previous reports*'. In islets. 



RG. 3 Precipitation of GAD activity from brain and -islets with anti-64K 
autoantibodies, a, Aliquots (700 islets per sample) of S-100 DP from neonatal 
rat islets were immunoprecipitated with increasing amounts of the anti-64K 
IDDfvl serum M (closed symbols) or the control serum C-1 (open synnbols). 
GAD activity was measured in~ supematants after immunoprecipitation 
(squares) and in pellets (circles). The activity In the supematants was 
calculated as percentage of the activity in non-immunoprecipitated samples 
incubated with the same amount of control serum. The activity in the 
immunoprecipitates was calculated as percentage of the activity In samples 
incubated without serunrt Values are mean of three experiments dt s.d. b. 
As a. except that aliquots of S-100 DP from neonatal rat brain were used 
instead of islet celt material. 

METHODS, S-100 DP was prepared f ronri. islets and brain as described in 
the legends to Rgs 1 and 2. except that buffers were supplemented with 
1 mM aminoethylisothiouronium bromide hydrobromide (AET) and 0.2 mM 
pyridoxat 5'-phosphate (PLP). S-100 DP was diluted 10 tinges in 50 mM 
potassium phosphate pH 6.8, 1 mM AET, 0.2 mM PLP (buffer A) and Incubated 
with the indicated amounts of sera in a total volume of 150 ml for 7 h at 
4'C. tmmunocomplexes were absorbed to 150 m-I protein A-Sepharose 
beads (PAS Pharmacia) and Isolated by centrifugation. The supematants 
were collected and centrifuged three times to remove traces of PAS. PAS 
pellets were washed five times by centrifugation in buffer A. Enzyme activity 
in the PAS pellets and the supematants was measured using a modified 
version of the assay first described by Albers and O'Brady^^. Both PAS 
pellets and supernatants were transferred to 1.5-ml screw cap tubes: 20 jil 
5mM L-glutamate in buffer A and 0.4^.01 [l-^*C)L-glutamate (59mCim- 
mol"^, Amersham) were added. The tubes were closed immediately with a 
cap containing Whatman filter paper soaked in 50 p.1 1 M hyamine hydroxide 
in meUianol and incubated for 2 h at 37 *C. The filter paper was then removed 
and the absorbed ^*C02 measured in a scintillation counter. The specific 
activity of GAD in homogenates of neonatal brain and Islet cell material was 
similar (-40-70 mU per g protein). 
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FIG 4 Immunofluorescence staining of pancreatic islets with GAD glucaeon 
and somatostatin antibodies. Immunofluorescence micrograph showing n?/ 
creatic islets. The islet in a and c was double-labelled for GAD and gtucafi- 
The islet in b and d was double -labelled for GAD and somatostatin Arrc • - 
point to corresponding cells in the two pairs of panels. The 0 celts in i-^ 
central core of the islet are brighUy stained with the GAD antibody whereas 
the cells positive for glucagon and somatostatin do not slain with the samp 
antibody. 

ME7K)DS. Formaldehyde-fixed frozen sections of rat pancreas were first 
modamine- abelled for GAD using a mouse monoclonal GAD6. raised against 
punfied rat bra.n GAD^«. and then fluoresce in-labelled for glucagon^ 
sonriatostaUn using rabbit polyclonal antibodies to either hormone and usiri 
memods de^ribed^^'. GAD6 was a gift from D. I Gottlieb. University^ 
Washington. Scale bar. 25 mm, ^ 



double immunostaining with a monoclonal antibody to GAD 
and either glucagon or somatostatin confirmed the localization 
of GAD tojhe ^-^cdl.corc, and the absence of GAD in the other 
endocrine cells, which are localized to the islet periphery (Fig 

^^""^ ^ave identical mobility 
on SDS-PAGE (Fig. 2) and by two-dimensional gel elec- 
trophoresis using isoelectric focusing/ SDS-PAGE (Fig. 5a). We 
compared the immunoreactive trypsin fragments generated from 
bram and islet GAD. Trypsin generated a 55K immunoreactive 
fragment from both islet and brain GAD (Fig. 56; see also Fig 
1). In both tissues GAD was found in a soluble hydrophobic 
form as well as a membrane-bound hydrophobic form (Fig 56) 
as described for the 6AK islet cell autoantigen (H. Schierbeck, 
L. Aagaard and S.B.. manuscript submitted). The 65K com- - 
ponem of the 64K protein in islets (H. Schierbeck, L. Aagaard 
and S.B., manuscript submitted) was detected in brain and islet 
cells m some (Figs la. 5A. c. 5B and 6A) but not in other 
analyses (Hgs 16. 2). Furthermore, the 64IC a/^ doublet was 
detected m some analyses (Figs la. 6A). The immunochemical 
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FIG. 5 GAD in brain and islets have 
similar properties. A Two- 
dimensional gel electrophoresis of 
neonatal rat and islet cell GAD/64K 
antigea a. b. Western blots of two- 
dimensional gels of a neonatal islet 
particulate fraction (a) and a brain 
fraction {b) probed with the GAD anti- 
serum S3, c, fl[ Ruorograms of two- 
dimensional gels of immunoprecipi- 
tates of a [^jmethionine-labelled 
rat islets extract (S-100 DP) with the 
tanti-54K IDDM serum 1-1 (c) and a 
with a control serum C-1 {d). The 
soluble fractions of brain and islets 
ib and c) contain both the 65K pi 7J. 
component and the 64K 6,7 a com- 
ponent, whereas the particulate frac- 
tion contains only the 64K pi 6.7 a 
component (H. Schierbeck. L. Aagaard 
and S.B., manuscript submitted). Both 
the 65K and the 64K component dis- 

^^-J^ ^heterogeneity previously described for the 64K autoantigen in 
islets . The panels both demonstrate the Identical behaviour of the 64 K 

Z t',^ Ir'-"^? ^^^"^ they are the same protein 

and show the similarities of brain and islet GAD with regard to both charge 

bra,n and islets before and after trypsin digestion. Lanes 1-8, probing with 
S3 seaim:lanes 9-16.probing With normal (preimmune) sheet semm. l%oZ 
frlgmenl " " immunoreactive^^D - 

J^DS. A particulate fraction was prepared from neonatal rat islet- 
^.°rn!?f f" '^"^'^^eatian at 36.000^ (a), a low-speed synaptcsomai 
supernatartt was prepare-:! from brain as described" {b). S-100 DP was 
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and biochemical propenies of the braiii and islet GAD therefore 
indicate that they are very similar. 

Antibodies to GAD in SMS and IDDM sera 

The GAD reactivity in SMS sera has been demonstrated by 
western blotting and by immunocytochemical staining of fixed 
tissue sections ^ that is, assays that involve complete or partial 
denaturation of the antigen. The standard assay for 64K anr - 
bodies m IDDM sera has been immunoprecipitation from isl- ^ 
cell lysates prepared in nondenaturing conditions'^-^ We selec- 
ted sera from the individuals who had the highest immunoreac- 
tivity to the 64K autoantigen in immunoprecipitation experi- 
ments in a survey of U2.JDDM patients and prediabetic 
individuals without SMS' and tested them for immunorcactivity 
to the brain GAD protein on western blots (five sera) and for 
immunostammg of GABA-secreting neurons (7 sera). The 
cx.e^"'' compared with those for SMS sera. In contrast to 
the SMS sera, none of the IDDM sera detected the denatured 
OAD protein on western blots (Fig. 6A), and only one was ab- 
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^Z Zf ^^^"'r?^^';^;^' islets and immunoprecipiiated as described in 
w l**" ^""^ *^*o-cJimensional gel electrophoresis was 

,r^^^, "^^'""^^ O'Farrell^ and modified by Ames and Nikaido^^ 
immunoblottrng was according to Towbin et a/.«. GAD in a and & was 
v|sual.2ed by probing wiUi the anti-GAD serum S3, followed by rabbit anti- 
tr^ ^ serum and "^-labelled protein A and autoradiography. For a 
S-100 DP and P-100 DP from islets and brain were prepared as described 
»n legerids to ngs 1 and 2 and digested with trypsin as described in legend 
to Mg. 1. Brain and islet cell fractions were subjected to SDS-PAGE using 
15% polyacrylamide gel. Western blotting and staining procedures were as 
described in legend to Kig. 2. ^ ^ . 



NATURE - VOL 347 • 13 SEPTEMBER 1990 



ijcagQ 
Arro 
3 in 

e san 

first] 

d usingij 
-sity of i 



-efbrc^ 



;d by ; 
fixed > 
artial'l 

reac^* 
periij 
betic^ 
:ivity" 
J for ; 
The' 

St to';; 
ured ' 
able 



1 in 
vas 

vas 
-.ti- 
■ 3, 
:ed 
?nd 
ing 
as 



90 



rn — — 

U) V « 

z (6 z Zi tnZ 3 waft S<ju6 -IJ.— J.--l-loo(j 

I I I I I I I I 1 r 



65K 
64K 



B 
4 




I Z 34SC7 89 IOtll20MOKI7ar9 2021 22 23 24 



1 



to vvcakly immunostain GABA-secreting neurons (Fig. 6B» c). 
Tti-ation of IDDM and SMS sera in immunoprecipitation 
experiments furthermore showed that the titre of anti-GAD 
antibodies in SMS sera was 10-200 times that in IDDM sera 
(results not shown). In another survey of 74 IDDM patients, 
only three were positive for antibodies to GABA-secreting 
neurons (Fig. 6B, b) including the only two which were positive 
by western blotting (ref. 1 1, and results not shown). By contrast, 
all SMS sera that were positive by immunocytochemistry and/or 
western blotting were also positive by immunoprecipitation 
(results not shown). So anti-GAD antibodies in SMS patients 
a-'? generally present at higher titres and recognize more distinct 
epitopes than anti-GAD antibodies in IDDM patients. However, 
in rare cases, anti-GAD antibodies in IDDM patients can 
recognize denatured GAD. Whereas the 7673 and S3 antisera 
recognize both the 65 K form and the 64K a and ^ isoforms on 
western blots (Fig. 6A, lanes.2, 4, 5), human GAD autoantibodies 
as well as the monoclonal antibody GAD6 preferentially recogn- 
ize the smaller 64K or and isoforms (Fg. 2, lanes 7-11). The 
GAD6 antibody is specific for the smaller GAD isoform in 
brain'^ 

^ scussion 

Ti.e 64K autoanttgen is the enzyme glirtamic acid decarboxylase. 
We have demonstrated that the 64K autoantigen in IDDM is 
the enzyme GAD in pancreatic p cells. GAD. its product GAB A, 
and the GABA-metabolizing enzyme GABA transaminase are 
present at high levels in pancreatic )3 cells as well as in GABA- 
secreting neurons". GABA may act as an 'endocrine transmitter' 
in islets and this may explain why GAD is expressed in ^ 
cells. The f3 cell-specific expression of GAD in islets is consistent 
v.'ith its being an autoantigen associated with the selective 
•^-sinjction of pancreatic /3 cells in IDDM. GAD is a major 
utoantigen in SMS, a disease in which GABA-secreting neurons 
•ire thought to be affected'***'*. Thus pancreatic y3 cells and 
GABA-secreting neurons share a protein that is unusually sus- 
ceptible to becoming an autoantigen. an observation that will 
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FIG. 6 Comparison of GAD immunoreactlvity in SMS and IDDM sera. A, 
Western blots of S-100 DP from neonatal rat brain (lanes 1-4 and 7-24) 
and islets (lanes 5 and 6) probed with anti-GAD SMS sera and sera from 
IDDM patients and prediabetic individuals with high inimunoreactivity to the 
64K/GAD protein in immunoprecipitation experiments. Sera are indicated 
at the top of each lane by the same codes as in Rg 1. The S3 serum. 7673 
serum. GAD6 serum and anti-GAD SMS sera recognize the denatured form 
of GAD in brain and islets, whereas the anti-64K IDDM sera do not The S3 
and 7673 sera react with both the 65K form and the 64K a and ^ forms, 
whereas GA06 (previously shown to react selectively with the smaller brain 
GAD isoform^®) and the SMS sera only react with the 64K o and ^ 
components. B, Bright-field light microscopy micrographs showing immuno- 
staining of GABA-secreting nerve terminals in the rat cerebellar cortex with 
SMS and IDDM sera, a. SMS-3 serum; b, IDDM senjm I^; c IDDM serum 1-2: 
d, IDDM serum 1-1. AH sera, except j-1. show the typical stain of GABA- 
secreting nerve terminals. Note the accumulation of immunoreactivity at 
the base of the Purkinje cells, where the GABA-secreting nerve endings of 
basket cells terminate. 

METHODS. S-100 DP aliquots from rat brain and rat Islets were sul^jected 
to SDS-PAGE. eleciroblotted and immunostained as described in the legend 
to Fig. 2. Dilutions for immunostaining of western blots were 1/200 for 
GAD6. 1/250 for IDDM sera, control human sera. SMS sera 2 and 5. the 
7673 senjm and normal rabbit serum, 1/500 for SMS sera 3 and 4 and 
X/2POO for S3 and normal (preimmune) sheep serum. For B, methods as 
desCTibed in ref. 11. 



surely motivate studies not only into the pathogenesis of IDDM 
and SMS, but also into the mechanisms of generation of self- 
tolerance, by the immune system, and its failures. 
Differences in humoral autoimmunity to GAD in SMS and IDDM. 
The humoral autoimmunity towards GAD in the two diseases 
in which GAD-expressing cells are either destroyed (IDDM) 
or thought to be afiectcd (SMS), suggests a\li;ect relationship 
between GAD autoantibodies and the diseases. Not all SMS 
patients with GAD antibodies develop IDDM, and only a small 
proportion of IDDM p'atiejgts develop SMS, in spite of their 
having GAD autoantibodies for several years. This suggests that 
there are other components to both diseases. The development 
of SMS seems to involve a stronger antibody response to GAD 
and includes epitope recognition which is usually absent in 
IDDM, perhaps as a result of difierent characteristics of pan- 
creatic ^ cells and GABA-secreting neurons. For example, the 
microenvironment of the CNS is protected by the blood-brain 
barrier and the antigenic requirements to initiate ari autoimmune 
response across this barrier may be distina. Pancreatic ^ cells 
express major histocompatibility complex (MHC) class I 
molecules^* which are thought to present self-peptides to the 
immune system, whereas CNS neurons normally do not"^. 
Subcellular localization of GAD in brain and islets and Its role as 
an autoantigen. Synaptic-like vesicles have recently been iden- 
tified in endocrine cells"*^ and may be the storage sites of GABA 
in j3 cells, similar to synaptic vesicles in brain. Immunofluores- 
cence studies have shown colocalization of GAD and membrane 
markers of these synaptic-like microvesicles (A.R., M.S. and 
P.D.C., unpublished results). We found that GAD in both brain 
and islets behave similarly with regard to hydrophobicity and 
compartmentalization, that is, both were detected in a soluble 
hydrophobic and a membrane-bound hydrophobic form. 
Although it cannot be excluded that GAD is expressed at the 
surface of ^3 cells, it is more likely that the protein remains 
confined to the cytoplasmic space. Thus autoantibodies to GAD 
arc unlikely to see the intact antigen on the surface of normal 
)3 cells. But peptides derived from the GAD molecule may be 
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expressed ai the cell surface in the cleft of MHC class I antigens, 
and so be recognized by pathogenic T cells (ref. 27, and refs 
therein). 

The identiScation of the 64IC antigen as the enzyme GAD is 
of relevance in elucidating the role of this antigen in the develop- 
ment of IDDM, If the GAD autoantigcn is shown to be critical 



for the initiation of ^-cell destruction, then an approach to 
therapy might be to develop ways of preventing or reversing 
the autoimmune response towards GAD in fi cells of 
susceptible individuals. This would be similar to the succe^. ^al 
prevention of autoimmune disease in experimental alle:.^ic 
encephalomyelitis'*. O 
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